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Abstract 

The purpose of this study is to determine and explore the fundamental processes 

associated with biodegradation of chlorinated ethenes in iron-reducing conditions of a 

constructed wetland and to evaluate the impacts of changing conditions (both natural and 

engineer-controlled) on the system. The modeler uses a system dynamics approach to 

construct a model that represents behavior in the iron-reducing environment. The model 

incorporates hematite, a form of oxidized iron (Fe3+), as the electron acceptor in 

microbial biodegradation in the system. 

Vinyl chloride, cz's-dichloroethene, and fr-aw.s'-dichloroethene are known to 

anaerobically degrade to carbon dioxide in the presence of oxidized iron. Other 

biodegrading processes, including those associated with hydrogen and natural organic 

materials, compete with the contaminant degrading processes for the oxidized iron. 

These processes are all incorporated into the model. 

Model simulations show that the organic material parameters have a greater 

influence on hematite depletion compared with parameters of the modeled contaminants. 

By increasing the amount of hematite in the soil, the time period that biodegrading 

processes exist in the constructed wetlands increases proportionally. Also, by increasing 

flow rate through the constructed wetland, a higher amount of contaminant is degraded. 

With the increases flow rate, however, a greater amount of contaminants flow through the 

iron-reducing environment unreacted. 



MODELING BIODEGRADATION OF CHLORINATED GROUND WATER 

CONTAMINANTS UNDER IRON-REDUCING CONDITIONS OF A 

CONSTRUCTED WETLAND: A SYSTEM DYNAMICS APPROACH 

I. Introduction 

Background 

Groundwater and soil surveys taken beneath United States Air Force bases in the 

late 1970's revealed significant plumes of potentially carcinogenic contaminants. Further 

investigations exposed similar contaminant plumes beneath numerous other United States 

Department of Defense (DOD) installations. In fact, the Environmental Protection 

Agency (EPA) reported that in 1993, approximately 7,300 sites at over 1,800 locations 

held by DOD contain soil contaminants (National Research Council, 1994:27) associated 

with chlorinated solvents. Cleanup of these sites requires strict standards to be met; thus, 

the process is complicated and costly. One estimate by the Office of Management and 

Budget states that future remediation efforts at sites owned by the Departments of 

Defense, Energy, Interior, and Agriculture will cost between $234 and $389 billion. This 

estimate incorporates remediation activities for the next seventy-five years (National 

Research Council, 1997:18). Incorporating all contaminated sites in the United States 

(estimated between 300,000 and 400,000), the estimated costs grow to between $300 

billion to $1 trillion in the upcoming decades (National Research Council, 1997:18). 

Even with the enormous estimated cleanup costs over future decades, the 

industrial sector continues to use chlorinated solvents. Global use of perchloroethene 

(PCE), trichloroethene (TCE), and 1,1,1-trichloroethane (1,1,1-TCA) in 1994 totaled an 



estimated 900,000 metric tons. Because of widespread use, chlorinated solvents often 

appear as groundwater contaminants. Whether escaping through leaky underground 

storage tanks, being disposed carelessly, or being spilled accidentally, nine of the twenty 

top chemicals at major contamination sites (Superfund sites) are categorized as 

chlorinated solvents (National Research Council, 1997:113). 

This thesis effort focuses specifically on two common groundwater contaminants: 

dichloroethene (DCE), and vinyl chloride (VC). Though not considered carcinogenic, 

DCE at high concentrations causes damage to the liver, kidneys, and central nervous 

system (Masters, 1997:184). Additionally, DCE is normally difficult to volatilize. VC, 

listed as a probable human carcinogen, is persistent and is slightly soluble in water. 

One objective of this thesis is to model and evaluate the biodegradation of the 

aforementioned chlorinated contaminants introduced into a multi-layered constructed 

wetland. For years, constructed wetlands have intercepted surface runoff and provided 

protection to delicate ecosystems. Today, scientists propose that these constructed 

wetlands provide a long-term, cost-effective alternative for biodegradation of chlorinated 

contaminants. The model in this study demonstrates the concept of using a constructed 

wetland for bioremediation. Specifically, the constructed wetland modeled in this study 

uses a layered sediment configuration. This system design includes various soils, with 

different degrading characteristics, layered on one another. The contaminated 

groundwater is pumped beneath the constructed wetland and flows vertically through the 

system's layers. As the groundwater progresses through each layer of the constructed 



wetland system, various microorganisms, at different stages of the degradation process, 

intercept the contaminants and use them as sources of food. 

Bioremediation using constructed wetlands, as proposed, is a favorable alternative 

when compared to existing groundwater treatment technologies. The bioremediation 

process relies on microorganisms existing in the subsoil. These organisms transform the 

chlorinated contaminants into less toxic compounds. The reactions occur at various 

depths in the subsurface depending on the oxygen content (aerobic vs. anaerobic). 

Occasionally, the microorganisms need additional nutrients, enzymes, and substrates, 

which are not available in the soil or groundwater. These materials, in some 

circumstances, can be added to the subsurface environment for optimal degradation. 

Additionally, chemical reactions, both natural and induced, support the degradation of the 

contaminants. Unlike other contaminant removal technologies that require additional 

disposal procedures, biological and chemical degradation can completely destroy organic 

contaminants, degrading them to non-toxic compounds such as carbon dioxide. 

Additionally, because the microorganisms are naturally occurring and reproduce as 

required, maintenance costs are minimal for the system. 

Another category of groundwater remediation, in comparison, involves 

solidification, stabilization, and containment. Methods that incorporate this technology 

are intended to decrease solubility, volatility, and/or permeability of the contaminants. 

Examples of these technologies include soil mixing (using augers to mix stabilizing 

agents with existing soil), passive-reactive barriers (using permeable barriers with 

reactive properties to intercept contaminant plumes), and permanent wall structures 



(using slurry walls, sheet pile walls, or grout walls to contain the contaminants) (National 

Research Council, 1997:90). Unlike bioremediation efforts, these methods do not destroy 

the contaminants; instead, they stabilize the chemical for further removal processes. 

Therefore, costs associated with maintenance and disposal tend to be greater than 

bioremediation. Another category of groundwater remediation uses technology to 

separate, mobilize and physically extract contaminant plumes from the soil. Once 

detached from soil particles using heat, chemicals, vacuums, or electrical current, the 

contaminants are pumped to the surface for further disposal processes. Again, these 

technologies do not destroy the contaminants; they simply separate the chemicals for 

disposal. Maintenance and high quality labor costs, as well as disposal costs of the 

contaminants, make these technologies more costly than bioremediation methods. 

As described, all systems performing groundwater remediation processes require 

energy to operate. This energy, however, comes from various sources. Bioremediation 

systems, for example, use energy from natural sources such as sun, wind, rain, and 

biomass (Kadlec and Knight, 1996:3). Only small amounts of energy are required to 

initially pump the groundwater into the constructed wetland. Also, once constructed, 

only limited personnel are required to operate the system. Other systems, such as 

traditional pump-and-treat, for example, require large amounts of energy and personnel to 

operate groundwater pumps and associated equipment (Masters, 1997:249). When 

comparing groundwater degradation processes, long-term operating costs favor 

bioremediation over other technologies. 



For the purpose of this study, a portion of a three-layered wetland system will be 

modeled. The United States Air Force has funded and constructed a wetland system 

located at Wright-Patterson Air Force Base, OH. This constructed wetland is a research 

endeavor focusing on chlorinated contaminant degradation. The model created in this 

study represents a portion of the microbial activity in the actual wetland system. In the 

constructed wetland, a geomembrane liner surrounds the constructed wetland to create an 

impermeable boundary and keeps the contaminated groundwater in the system. Just 

above the liner and below the lowest layer of constructed wetland, pipes, embedded in 

approximately twelve inches of gravel, allow the contaminated groundwater to be 

pumped below the system. As the contaminated water enters the system, it accumulates 

in the gravel before flowing vertically and evenly throughout the layered constructed 

wetland. The first layer the contaminated groundwater encounters is the methanogenic 

zone. This zone, approximately eighteen inches in depth, has conditions that allow 

anaerobic microbial activity to initiate degradation of the contaminants. As the water 

continues its vertical flow through the system, it reaches the next constructed layer of the 

system. This layer, referred to as the iron zone, contains increased levels of oxidized iron 

(modeled as hematite, Fe203) used in the degradation process. The iron zone of this 

constructed wetland is a unique layer placed in the constructed wetland for research 

purposes. This iron zone will be evaluated to determine if it benefits the degradation 

process. Microorganisms in the iron zone use oxygenated iron (Fe3+) as an electron 

acceptor. Using the electron acceptors through chemical reactions, microbes in the iron 

layer degrade the contaminants into carbon dioxide and capture energy for biological 



activities. Ideally, the iron content in this layer should amount to approximately one 

percent of the iron layer's soil composition by mass. In the constructed wetland of 

concern, however, the iron content value varies below one percent. The depth of the iron 

zone is approximately eighteen inches, and the soil condition is considered anaerobic, 

allowing microbes to perform degradation processes on the contaminants flowing through 

the system. As the water exits the iron zone, it reaches the third and final layer of the 

system. This layer, called the aerobic zone, contains roots from a variety of plant species 

on the surface of the constructed wetland. The roots supply this zone with oxygen, 

which, in turn, dominates the final stages of the degradation process in the constructed 

wetland system. The aerobic zone is approximately eighteen inches in depth and borders 

the surface of the constructed wetland. At the surface, various plant species supply 

nutrients and oxygen for microbial degradation in the aerobic zone. In the aerobic zone, 

oxygen dominates chemical reactions and microbial processes. As the groundwater exits 

the constructed wetland system and flows at the surface, the degradation processes of the 

constructed wetland are complete. At this point, the water is released back into the 

existing groundwater aquifer or transferred to a wastewater treatment plant for further 

disposal. 

The purpose of this study is to model, examine, and understand the biodegradation 

activities occurring in the iron zone of a multi-layered constructed wetland. The 

degradation activities in the iron zone are only a portion of the overall degradation 

processes occurring in the constructed wetland. Other natural chemical reactions occur in 

the iron zone; however, this study focuses on the degradation processes of DCE and VC. 



This thesis effort uses a system dynamics approach to produce a model of 

behavior in the iron zone of a constructed wetland. The system dynamics approach 

allows development of an understanding of a system by conceptualizing and portraying 

the dynamic relationships between internal parts of the system mechanistically. The 

method should produce long term internal behavior of the system for investigation. Once 

a system dynamics model is produced and validated, sensitivity analysis can be performed 

to determine particular mechanisms causing specific behavior patterns in the system. 

With numerous interrelated processes, ecological systems tend to be ideal for system 

dynamics models. 

Previous work by Captain Colby D. Hoefar from the Air Force Institute of 

Technology gives a system dynamics model of an entire constructed wetland. This thesis 

effort identifies a specific portion of the constructed wetland (the iron zone) and 

demonstrates the chemical and biological processes thereof. 

Problem Statement 

At multiple locations across the United States and around the world, the United 

States Air Force has contaminated plumes in the subsurface, which must be contained or 

remediated. These plumes are the result of spills and careless disposal of chlorinated 

contaminants such as PCE, TCE, DCE, and VC. Existing technologies for remediation of 

these chlorinated plumes are extremely expensive. New technologies, such as 

constructed wetland bioremediation, however, are not fully understood for optimum 

degradation performance. This thesis serves as a portion of the overall understanding of 

degradation in a constructed wetland. The model produced by this effort provides 



information about behavior patterns, specifically in the iron zone, and allows designers to 

optimize parameters in a constructed wetland for maximum degradation. 

Research Questions 

1. Which parameters significantly impact degradation processes and 

interrelationships in a system dynamics model of the iron zone of a constructed 

wetland? 

2. Which parameters in the system dynamics model are able to be engineer- 

controlled and what impact on the degradation processes occur when these 

engineer-controlled parameters are changed? 

3. Which parameters in the system dynamics model require further experimentation 

for increased confidence in the model? 

Scope/ Limitations 

This thesis focuses on the conditions in the iron zone of a layered constructed 

wetland. Parameters that influence degradation in this zone include concentration of 

contaminants and availability of electron acceptors. Initially, the iron zone is rich with 

Fe3+, an electron acceptor in the degradation process. Over time, however, the oxidized 

iron is depleted through degradation processes and other naturally occurring activities in 

the soil. The model representing the iron zone is based on typical soil conditions. For 

example, soil porosity and organic content are unique from location to location. 

Parameters for this model will represent conditions for the actual constructed wetland 

funded by the United States Air Force at Wright-Patterson Air Force Base, Ohio. 



II. Literature Review 

Engineered bioremediation focuses on microbial activity degrading harmful 

groundwater contaminants into non-toxic compounds that can be released into the 

environment without significant impact. Many present-day groundwater remediation 

processes require high costs and maintenance. The simple pump-and-treat process, for 

example, requires pumps to extract contaminated water from the subsurface. The 

groundwater is then treated at an aboveground treatment facility before being released 

back into the soil or directed to a wastewater facility for further disposal (Masters, 

1998:238). Costs associated with the pump-and-treat procedure, as well as personnel 

required for maintenance of associated equipment, make this technique costly and 

demanding. Also, site-specific soil conditions and factors tend to vary pump-and-treat 

costs depending on the treatment location. One calculated cost for perchloroethene (PCE) 

removal from groundwater using simple pump-and-treat techniques was $2.21 per 1000 

liters treated. This value, as reported, incorporated capital, operation, and maintenance 

costs (total system cost) for the simple pump-and-treat method (Quinton et al, 1997:14). 

A different source estimated the cost for the pump-and-treat method (using EPA cost 

estimates) to be $14.74 per 1000 liters treated. As before, this estimate includes total 

system costs (Masters, 1996:249). These estimated values do not appear to be significant 

until the volume of groundwater treated is considered. The first estimate treated 

approximately 4.4 billion liters with a total cost of 9.8 million dollars (Quinton et al, 

1997:14), and the second estimate treated 190 million liters of groundwater with a total 

cost of over 2.8 million dollars (Masters, 1996:249). Due to the high costs associated 



with other forms of remediation, scientists are now investigating the benefits of microbial 

degradation. Within the past two decades, studies focusing on microbial activity have 

demonstrated that certain types of bacteria living in aerobic and anaerobic conditions can 

obtain carbon sources and energy for life-supporting activities from chlorinated 

compounds (Lee et al, 1998:428). These chlorinated compounds are found as 

groundwater contaminants in aquifers worldwide. The naturally occurring 

microorganisms provide contaminant destruction energy with no direct costs, which 

significantly reduces overall costs of the system compared to other methods of 

remediation. Therefore, in recent years, scientists have proposed using constructed 

wetlands to provide an adequate environment for degradation of harmful groundwater 

contaminants (Masters, 1996:582). Complex processes involving microorganisms found 

naturally in the soil degrade the harmful contaminants. By-products of one degradation 

process in the constructed wetland act as a food and energy source for another process in 

the system. Working in sequence, microorganisms degrade harmful contaminants into 

non-toxic compounds such as carbon dioxide (CO2) and water. 

Constructed Wetlands 

Constructed wetlands are man-made environments that have the ability to provide 

conditions necessary for microbial degradation. Complex systems evolve as the 

constructed wetlands mature and adapt to the environmental conditions. In general, 

constructed wetlands can be categorized into surface flow or subsurface flow wetlands. 

For surface flow constructed wetlands, water in the system tends to remain on the 

ground surface, creating a shallow flowing water layer for the system. This water layer 

10 



provides essential nutrients for the emergent wetland vegetation in the constructed 

wetland (Kadlec and Knight, 1996:562). General components of a surface flow 

constructed wetland include a water supply system, acreage, vegetation, and a discharge 

device. Many options are available for the water supply system. Groundwater pumps or 

wells, for example, supply a constructed wetland with water adjacent or near the wetland 

site. Another viable option is a system of pipes and appropriate pumps that allow 

contaminated groundwater to be transferred from distant sites. The pipes and appropriate 

pumps allow the constructed wetland to be built in strategic locations to minimize 

disturbance of other environments and maximize productivity of the system. 

Requirements for surface flow constructed wetland acreage depend specifically on the 

function of the wetland. Size, shape, and water holding capacity for the constructed 

wetland are directly associated with microbial reaction kinetics required to achieve 

appropriate contaminant levels for regulatory discharge or disposal specifications. 

Vegetation associated with the constructed wetland allows nutrient cycling and oxygen 

exchanges in the system. The roots of the plants also provide ideal protection and 

nutrient supply to microbial populations involved in the degradation processes. 

Naturally, the vegetation must be able to survive conditions and contaminants associated 

with the constructed wetland function. Other characteristics associated with plant 

selection include contaminant uptake and storage abilities, costs to produce and maintain 

biomass, and additional benefits to surrounding ecosystems. The final component to 

surface flow constructed wetlands, the discharge device, collects water from the surface 

of the constructed wetland. The collected water is then tested and appropriately pumped 

11 



back into the constructed wetland, pumped to another functional constructed wetland, 

released into the environment (in streams, rivers, or lakes), or disposed in water sewage 

systems for further processing. 

Another type of constructed wetland uses horizontal and vertical flows of 

contaminated groundwater (Kadlec and Knight, 1996:562). These constructed wetlands, 

known as subsurface flow constructed wetlands, contain degrading microorganisms 

similar to surface flow constructed wetland described previously. The microorganisms 

exist naturally throughout the soil and attach to soil particles and roots of the vegetation. 

Subsurface flow constructed wetlands generally do not have extended periods with water 

standing at the surface of the wetland. Constant groundwater flow through the 

constructed wetland, however, maintains a saturated soil environment to a depth just 

below the surface. To operate effectively, subsurface flow constructed wetlands must 

maintain continual groundwater flow through the system. Though the flow is minimal, it 

transfers contaminants and by-products of the degrading reactions through the system. 

Components for the subsurface flow constructed wetland include an input device, the 

wetland basin, microbial-enriched soil, vegetation, and an output device. Similar to the 

surface flow constructed wetland, the input device supplies the contaminated groundwater 

beneath the system. The soil used in the constructed wetland system naturally contains 

appropriate microorganisms unless soil conditions do not favor growth or existence of the 

appropriate organisms. Vegetation chosen for the constructed wetland follows the same 

criteria as the surface flow constructed wetland. Finally, as with the surface flow system, 

the output device catches the groundwater exiting the system. Unlike the surface flow 

12 



constructed wetland, however, these devices collect the exiting water at a depth of 0.3 to 

0.6 meters below the surface of the wetland (Kadlec and Knight, 1996:563). 

Current Air Force Project 

At the time of this thesis effort, the United States Air Force in conjunction with 

Wright State University has funded and constructed two research cells representing 

subsurface constructed wetlands. These operational constructed wetland cells are 

research endeavors that allow scientists to observe and study behaviors in the systems. 

Located on Wright-Patterson Air Force Base in Dayton, Ohio, each of the cells measures 

approximately one hundred forty feet by sixty feet by six feet. Both cells have 

geomembrane liners that create an impermeable layer between the constructed wetland 

environment and surrounding subsurface soil. A system of pipes and electric pumps 

move groundwater, contaminated with PCE, from a nearby underground plume to an area 

beneath the cells. As the groundwater is pumped into the system, it is forced to flow 

vertically through the constructed wetland cells. Microbial activity and chemical 

reactions in the constructed wetland soils degrade contaminants and produce various by- 

products. Some of the by-products formed in the process are as toxic, or more toxic, than 

the original contaminant (PCE). Vinyl chloride (VC), for example, is produced as a by- 

product of the microbial degradation of PCE. As VC flows through the constructed 

wetland, however, other microbial activity and chemical reactions in the soil continue the 

degradation of VC to non-toxic compounds such as CO2. To accomplish the continual 

degradation of contaminants, the constructed wetland cells are designed with multiple 

functional layers. These layers, having various soil characteristics, create optimal soil 

13 



conditions for contaminant degradation. One of the constructed wetland cells in the 

United States Air Force project, in particular, is designed with a three-layered 

configuration. The deepest layer, known as the methanogenic zone, is directly above the 

supply piping system. This zone contains organic-rich soil that favors methanogenic 

conditions. Having high organic matter concentration and no significant supply of 

oxygen, anaerobic microorganisms known as dechlorinators feed on the contaminants, 

initiating the degradation of PCE. By-products of this degradation include (but are not 

limited to) trichloroethene (TCE), various isomers of dichloroethene (DCE), vinyl 

chloride (VC), methane (CH4), carbon dioxide (C02), and water (H20). The vertical flow 

of the constructed wetland forces these by-products (and non-reacted PCE) to the next 

layer of the system. This layer, an experimental layer unique to this constructed wetland, 

is known as the iron zone. This anaerobic layer contains soils with increased amounts of 

oxidized iron (Fe3+), which act as electron acceptors with microbial activity to continue 

the degradation of several by-products from the methanogenic layer. The most significant 

degradation expected in the iron zone is performed on the isomers of DCE and VC. 

Theoretically, TCE may also degrade under iron zone conditions, but minimal evidence 

exists supporting this degradation. The constructed wetland flow moves contaminants 

out of the iron zone and into the third and final layer of the constructed wetland cell. This 

layer borders the ground surface and contains roots of the wetland vegetation. Therefore, 

oxygen is available to microorganisms through direct transfer from the atmosphere and 

through root exchange (from the vegetation) into the soil. This layer is referred to as the 

aerobic zone and provides the last microbial degradation processes on the contaminants 

14 



and by-products in the constructed wetland system. At the surface of the constructed 

wetland cell, a water collection device provides an outflow from the system. The existing 

design for outflow of both cells in the United States Air Force project transports the 

remediated water to the local community's sanitary sewer system for further disposal. 

Iron Zone of a Constructed Wetland 

The iron zone contains oxidized iron (Fe3+) that serves as an electron acceptor in 

microbial degradation of the chlorinated contaminants DCE and VC. Expert opinions 

vary regarding the amount of iron content required for soil to be considered iron-rich. 

Most of the experts agree, however, that a soil with an iron content of at least one-percent 

of the soil composition by mass is iron-rich. In many soils (as in the iron zone of the 

United States Air Force project), however, the iron content values vary below one-percent 

of the soil composition. 

Oxygen is not available in the iron zone, creating a strictly anaerobic environment 

in the soil. The microorganisms existing in the iron zone, categorized as anaerobes, 

thrive in anaerobic conditions. In fact, most microorganisms living in the anaerobic 

conditions cannot tolerate the presence of oxygen. The anaerobes survive by gaining 

energy through natural reduction processes. 

The reduction of Fe3+ in the iron zone of the constructed wetland is not limited to 

chlorinated contaminant degradation. In fact, many other microbial processes and 

chemical reactions also utilize Fe3+ reduction in their functions. Therefore, competition 

for the Fe3+ resource exists in the iron zone. Although many processes compete for the 

Fe3+, this thesis effort focuses on three significant reactions known to exist in the iron 
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zone environment. The first reaction, as mentioned previously, involves the 

mineralization of chlorinated contaminants such as DCE and VC. Published results of 

experimental data show the significant mineralization of these contaminants under Fe 

reducing conditions (Bradley and Chapelle, 1997:2694). A second reaction competing 

for Fe3+ in the iron zone is hydrogen (H2). When hydrogen is introduced as the electron 

donor and Fe3+ is available as an electron acceptor, microorganisms gain required energy 

for growth through the Fe3+reduction process (Lovleyetal, 1989:700). Organic 

compounds also significantly compete for Fe3+ in the iron zone. These compounds 

transfer through the constructed wetland with the flowing groundwater. Thus, when they 

enter the iron zone, they compete for the available Fe3+. Microorganisms, naturally 

existing in the iron zone soil, use Fe3+ as an electron acceptor to oxidize the organic 

compounds (Lovley, 1991:264). 

Iron Reduction 

The reduction of Fe3+ to Fe2+ has been proven as a degradation pathway for DCE 

and VC under anaerobic conditions (Bradley and Chapelle, 1997:2692). This pathway 

follows an oxidation/reduction process; anaerobic microorganisms oxidize groundwater 

contaminants while reducing available Fe3+ (Lovley, 1991:263). 

In one study, the addition of Fe3+ to an anaerobic aquifer microcosm caused 

significant mineralization of VC to C02 within eighty-four hours. This mineralization 

(15 to 34% of the VC) was significantly higher than the VC mineralization (2.8 to 4.6%) 

of the unchanged (without Fe3+ addition) control microcosms. The author attributed the 

mineralization observed in the experiments to microbial activity because no observable, 
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significant mineralization was reported in the microcosms that were sterilized (Bradley 

and Chapelle, 1996:2085). The following year, the same authors published results of an 

experiment demonstrating the mineralization of DCE under Fe3+ reduction conditions. 

Similar to the VC experiments, the sterilized controls produced no significant 

mineralization of the chlorinated material. Therefore, the authors attributed the 

mineralization to biological activity and Fe3+ reduction (Bradley and Chapelle, 

1997:2794). 

In contaminated anaerobic groundwater environments, Fe3+ is the most abundant 

potential electron acceptor for organic matter decomposition (Lovley, 1991:268). 

Consequently, while iron remains in oxidized (Fe3+) form, no significant levels of organic 

matter exist in the iron zone of the constructed wetland cell. 

Under conditions where iron reduction is favored, other processes, specifically 

sulfate reduction and methane production, are inhibited. When iron was introduced into a 

sulfate-reducing environment, the sulfate reduction was inhibited up to ninety percent 

(Lovley and Phillips, 1987:2637). A similar experiment performed by the same authors 

demonstrated the reduction of methane production upon the addition of a Fe   source. 

The declining methane production corresponded to the increase of Fe3+ reduction (Lovley 

and Phillips, 1986:685). The results reported by Lovley and Phillips directly associate the 

inhibition of sulfate reduction and methane production to substrate limitation. 

The following figures display the behavior of sulfate reduction and methane production. 
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Figure 1. Effect of Fe3+ on Sulfate Reduction (A) and Methane Production (B) 
(Adapted from Lovley and Phillips, 1987) 

The concept of iron concentration toxicity added to the system was rejected when 

additional substrate (namely hydrogen) was added to the system and sulfate reduction and 

methane production resumed (Lovley and Phillips, 1987:2638). 

Microbial Kinetics 

One kinetic modeling technique generally used to represent biological degradation 

is the Michaelis-Menten model for non-elementary reactions. In many instances 

throughout nature, microorganisms require the use of an enzyme to use available food 

sources. The enzyme is not consumed in the process, and the following stoichiometry 

results: 

E + S -+ E + P 
E = Enzyme required by microorganism 

S = Substrate or food source 

P = Product of food consumption 

(l) 



The purpose of the enzyme is to lower the activation energy for the reaction or facilitate 

other reactions. As the reaction proceeds, an intermediate enzyme-substrate complex 

(ES) follows this general behavior: 

E+So? ES^ki E+P k2 

A mathematical derivation of this behavior can be written: 

(2) 

d[S]    -k{k2[S][E] o (3) 

dt        kx[S] + km 

The variable km is defined in this equation as: 

r       _   k2+k3 
(4) 

m kx 

Equation (3) is a specific variation of the Michaelis-Menten equation (Clark, 1996:447). 

This equation incorporates specific substrate and enzyme parameters as well as associated 

coefficient values (kj, k2, kj) for the represented system. 

In more general terms, the Michaelis-Menten equation can be written: 

V   c 
V  = maX  (5) 

m 

V = a characteristic of the system (normally changing over time) 

J^max = the maximum value (maximum exiting velocity for this case) in the system 
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C = the concentration of materials directly affecting the changing velocity (or 
represented characteristic) 

km - a constant determined by specific behavior of the system (normally 
generated empirically for the system being evaluated) 

The Michaelis-Menten equation has several unique mathematical characteristics. 

Equation (5) will be used to explain the mathematical characteristics. First, when the 

concentration value used in equation (5) is very small, C (in the denominator of the 

equation) becomes insignificant and the expression becomes: 

V     c y    _        max   ^ (6) 

k m 

Therefore, when low concentration values are associated with Michaelis-Menten kinetics, 

equation (6) creates a first-order rate expression. When the concentration values are very 

high, a different expression results. The km value in the denominator becomes 

insignificant and the concentration values in the equation cancel. Thus, a zero-order rate 

expression forms: 

V = V (7) 
max 
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The following curve represents the relationship between V and C in equation (5). 

V 

C 
Figure 2. Michaelis-Menten Behavior Curve 

In region I, the concentration is small creating a first-order rate curve, as previously 

described. Region III represents high concentrations, creating a zero-order rate curve. 

Intermediate concentrations, region II, cannot be represented with simple mathematical 

expressions like the other regions. Thus, values for this region must be found by referring 

to the Michaelis-Menten equation presented in equation (5). 

Understanding the kinetics of chlorinated contaminant mineralization is vital in 

modeling the behavior associated with a constructed wetland. Bradley and Chapelle 

(1997) demonstrate that VC mineralization under Fe3+reducing conditions follows 

Michaelis-Menten kinetics. The kinetics associated with DCE mineralization, however, 

follow first order behavior. The percentage rates of DCE mineralization did not vary 

significantly with changes in the concentration values under Fe3+ reducing conditions. 
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Therefore, the authors conclude that DCE mineralization under Fe3+reducing conditions 

follows first-order kinetics (Bradley and Chapelle, 1997:2695). 

Wetland Modeling 

Constructing accurate models of wetland environments (whether natural or man- 

made) is difficult and complicated. Countless parameters must be considered and 

incorporated into these models. Each wetland environment has unique and dynamic 

characteristics; therefore, modelers are challenged to evaluate each parameter 

appropriately. In general terms, models can be grouped according to basic characteristics 

of the wetland environments they represent. Trends and basic properties may be identical 

between the wetlands in these groups. Specific model structure and rate constants, 

however, tend to be site specific and must be evaluated for each model. 

The hydrochemical complexities of wetlands are perhaps the most important and 

complex physical features that control the function of the system (Mitsch et al, 1988:218). 

Chemical and microbial activities are dependent and closely related to the hydrology of 

the system. Accurate field measurements and good laboratory practices are essential for 

accurate model application. A general understanding of the chemical and microbial 

activity in the wetland system allows the modeler to evaluate the system and study 

internal behavior and relationships in the wetland system. 

Soil conditions throughout the wetland environment are continually changing. 

Chemical, hydrologic, and organic changes, for example, keep the wetland environment 

ever changing. As contaminants move through the system and microorganisms act upon 

them, reactions occur, creating by-products that continually change the soil conditions. 
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The constant change throughout the wetland environment creates difficulty in modeling 

the system. 

In addition to conditions within the wetland system, exchanges occur between 

adjacent ecosystem environments. These exchanges keep the wetland environments 

chemically balanced and must be represented in the modeling system. Without 

incorporating the exchanges between ecosystems, the accuracy of the model declines 

significantly. 

Wetland Definitions 

To accurately represent parameters in any portion of a constructed wetland, 

general characteristics of the system's behavior must be defined and understood. The 

following definitions help in understanding the background of wetland behavior. 

Hydraulic Loading Rate: the rainfall equivalent of the flow rate for the constructed 

wetland system. The value represented is not necessarily the physical distribution of 

water at the wetland surface as the rainfall reference may suggest. Instead, the hydraulic 

loading rate is generally referred to as the contaminated groundwater flow into the 

system. A general equation for the hydraulic loading rate (q) is: 

a - —   <8> 
A 

Q = contaminated groundwater flow, volume/time, m /d 

A = wetland area (accepting the groundwater flow), area, m 

Note: q has units of length/time, m/d 
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A vertical flow constructed wetland system has continuous inlet flow so the hydraulic 

loading rate represents the time average linear flow rate (Kadlec and Knight, 1996:84). 

Mean Water Depth: the average depth of water throughout the entire wetland. 

The general equation for the mean water depth (^0 is: 

K- [  f h{x,y)dydx (9) 

L = wetland length, length, m 

W= wetland width, length, m 

h = water depth at coordinates (x,y), length, m 

x = longitudinal distance, length, m 

y = transverse distance, length, m 

Note: h' typically has units of meters or centimeters 

Wetland Water Volume: the volume for a subsurface flow wetland, dependent on the 

porosity of the system. This value is often difficult to determine due to the various 

physical characteristics of the soils in the system. Most constructed wetlands consisting 

of clean gravel or sand have a porosity range of 0.3 to 0.45 (Kadlec and Knight, 1996:85). 

Matter in the soil, such as decayed organic matter or minerals associated with treatment, 

however, tend to influence this porosity value. Although minimal, lateral flow through 

the system also affects the calculation of this parameter. 
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A general equation for the wetland water volume (V) is: 

V = r r [s{x,y,z)dxdydz = sVr - sÄti m 

L = length of constructed wetland, length, m 

W= width of constructed wetland, length, m 

h = water depth, length, m 

s= water volume fraction in water column (porosity), unitless, m Ira. 

VT = total water volume between water and ground surface, volume, m 

Nominal Detention Time: the time that the contaminated groundwater is in the 

constructed wetland. The general equation for nominal detention time (t) is: 

V _ sAh} 

t — — —     (ii) 
Q      Q 

Note: units for t are: time, d 

For calculation purposes, the flow is generally defined as average flow (inlet flow plus 

outlet flow divided by 2). When variations in the total flow exist throughout the system, 

however, integration must be performed for an accurate flow value. For most constructed 

wetland systems, nominal detention times are not consistent with actual detention times. 

The actual detention times are usually smaller due to spatial variations in the flow 

conditions. Nominal times also assume that the entire volume of water is involved with 

the flow. Kadlec and Knight (1996) report an example of the variation in nominal and 

actual detention times. In the Boggy Gut treatment wetland, the nominal detention time 
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was estimated at nineteen days; however measurements of actual detention times yielded 

a time of only two days. Again, the difference in these times was associated with large 

areas of wetland soils not directly associated with the flow path (Kadlec and Knight, 

1996:85). 

Actual Velocity: flow velocity observed through the system. The general equation for 

the actual velocity (t>) is: 

Q 
V    =    ——         (12) 

(eA )e 

u = velocity of the groundwater through the constructed wetland, velocity, m/d 

(sA)c = open area perpendicular to flow, area, m 

Superficial velocity: calculated velocity through system disregarding porosity parameter. 

The general equation for the superficial velocity (u) is: 

Q 
u   =   -^—        <13> 

A „ 

u - superficial velocity through system, velocity, m/d 

Ac = area perpendicular to flow, area, m 

Therefore, it is clear that the relationship between superficial and actual velocities is the 

porosity term: 

U - SV       (i4) 
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Hydroperiod: a general wetland term relating to the number of days per year a wetland 

environment has surface water present. If a wetland site were dry ten percent of the year, 

for example, the hydroperiod for the wetland would be 328 days. Continuous source 

treatment wetlands (such as the Air Force project constructed wetland) typically have 

hydroperiods of 365 days. The hydroperiod exists throughout the year due to continual 

pumping through the wetland system. 

Water Mass Balance: the change in water volume through inputs and outputs of the 

system over a period of time. The water budget is extremely dynamic for a constructed 

wetland system. Gains to the system include influent, precipitation, runoff, and 

snowmelt. Depending on the system design, another possible input to the water balance 

is infiltration. Losses to the constructed wetland system include the effluent, 

evapotranspiration, bank loss and (again, depending on design) infiltration to 

groundwater. A general equation that incorporates the gains and losses is: 

dV 
Qt-Qo+Qc-Q.-Q^+Qs.+PA+ETA, ™ 

Qi = influent rate, volume/time, m3/d 

Qo = effluent rate, volume/time, m /d 

Qc = catchment runoff rate, volume/time, m 16 

Qb = bank loss rate, volume/time, m 16 

Qgw = infiltration to groundwater, volume/time, m 16 

Qsm = snowmelt rate, volume/time, m 16 

P = precipitation rate, unit/time, m/d 
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Aw - wetland top surface area, area, m2 

ET = evapotranspiration rate, unit/time, m/d 

The influent and effluent rates are controllable in a constructed wetland and depend on 

treatment requirements and design. The evapotranspiration and precipitation rates are not 

generally controllable. Values for these parameters can be estimated with climate, 

historical data, and surrounding environments. The bank loss rate and infiltration can be 

controlled in a constructed wetland with an impermeable membrane or dense clay layer 

surrounding the wetland soil. Certain design parameters such as berms and borders also 

limit the runoff rates. As with precipitation, the snowmelt factor depends on the 

geographic location of the constructed wetland site. Evaluating the water budget for a 

constructed wetland is important for numerous reasons. With too much water loss in the 

system, contaminant concentrations increase and exit the system. Additionally, too much 

water can dilute or overload the system, affecting behavior of the microorganisms 

performing the treatment degradations (Kadlec and Knight, 1996:88). 

Hydrogen Association in Fe3+ Zone 

Naturally occurring hydrogen (H2) in a constructed wetland system plays a 

significant role in the reduction of Fe3+. For many years, scientists have claimed that the 

reduction of Fe3+ to Fe2+ (in association with Bb) provides for the growth of 

microorganisms (Balashova and Zavarzin, 1980:635). Balashova and Zavarzin (1980) 

performed an experiment using hydrogen bacteria in the presence of H2. They wanted to 

evaluate the difference in microbial biomass with and without the availability of Fe +. In 
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the experiments, a yeast extract was required for growth of the microorganisms. Under 

strict anaerobic conditions, the experiment yielded the following data after 10 days: 

Table 1. Experimental Data Collected from Microbial Growth in the Presence of H2 

and Yeast Extract (Adapted from Balashova and Zavarzin, 1980) 

Cells/ml Fe(3+) 
mg/l 

Fe(2+) 
mg/l 

Sterile oxygen 
(no microorganisms) 

Medium without 
iron source 

Complete 
medium 

0 

3,000 

4,000,000 

120 

0 

0 

0 

0 

112 

Clearly, the anaerobic growth on the yeast extract is significantly less (approximately 103 

times less) without Fe3+ available. Balashova and Zavarzin concluded that the iron 

reduction supplies the organism with added energy for growth. Other work on hydrogen 

bacteria identified a microorganism that grew with H2 acting as the electron donor and 

Fe3+ acting as the electron acceptor (Lovley et al, 1989:700). Unlike previous 

experiments, however, the yeast extract (referenced in Balashova and Zavarzin's 1980 

experiment) was not required for the microbial growth. The microorganisms, identified 

as Alteromonas putrefaciens, oxidized H2 as Fe3+ was reduced to Fe2+. The metabolism 

directly relates to cell growth, as there was no cell growth in the experimental H2 

atmosphere samples without Fe3+. Results of the experiments are shown in Table 2 
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and Figure 3 below: 

Table 2. Fe3+ Reduction by A. putrefaciens ATCC 8071 with Hydrogen as Potential 
Electron Donor (Adapted from Lovley et al, 1989) 

Electron donor(s) 

None 
Hydrogen b 

Fe(2+) 
produced a 

Hydrogen 
consumed a 

Fe(2+)/H2 

0.3                   0                 n/a 
150                 78                1.9 

a Micromoles of Fe3+ produced or H2 consumed during 20-hour incubation period 

b Initial H2 partial pressure ca. 11 Pa 
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Figure 3. Growth of A. putrefaciens ATCC 8071 with H2 as the Electron Donor and Fe 
as the Electron Acceptor (Adapted from Lovley et al, 1989) 

From the experimental results, approximately two moles of H2 were consumed for each 

mole of Fe3+ reduced. This ratio corresponds to the findings of Balashova and Zavarzin 

(1980). The following reaction results: 

3+ 

.3+ H, + 2Fe5+ -> 2H+ + 2Fe 2+ (16) 

Lovley et al. (1989) concluded that A. putrefaciens obtained energy from the oxidation of 

H2 coupled with the reduction of Fe3+ (Lovley et al., 1989:704). This conclusion matches 
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previous work by others (Balashova and Zavarzin (1980), for example). The 

microorganisms in Lovley's experiments, however, did not require a yeast extract 

associated with the hydrogen for growth (Lovley et al, 1989:704). 

Further work by Lovley et al. identified Pelobacter carbinolicus as another 

microorganism that grows in a medium with H2 as an electron donor and Fe   reduced to 

Fe2+ (Lovley et al, 1995:2134). The experimental data supports reaction (16) above. 

Organic compounds influencing reduction of Fe + 

Numerous organic compounds form as products from organic matter 

decomposition in the initial degrading processes of a constructed wetland. Organic 

compounds also exist naturally throughout the wetland soil. Regardless of origin, these 

organic compounds transfer through the soil with the moving groundwater. Therefore, 

organic compounds are introduced to Fe3+ available in the soil. This interaction creates 

the potential for significant release of nutrients from mineralization processes with Fe 

as the electron acceptor (Lovley and Phillips, 1986:683). Kamura et al (1963) 

demonstrated that added acetate (in an environment containing Fe3+) was directly 

associated with carbon dioxide production and Fe2+ accumulation. In the experiment (as 

in nature), the acetate, acting as the electron donor, enables the Fe3+ reduction to Fe +. 

This result, duplicated and supported by Lovley in 1986, suggests that Fe3+ has potential 

to be a significant source for organic decomposition in anaerobic conditions (Lovley and 

Phillips, 1986:687). Further study identified GS-15 as a microorganism that couples 

organic matter oxidation (specifically acetate in these studies) with Fe3+ reduction to 

provide for growth under anaerobic conditions (Lovley et al, 1987:253). 
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The following three figures (Figure 4, 5, and 6) illustrate Lovley's findings involving 

acetate metabolism and GS-15 growth in association with Fe3+ reduction: 
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Figure 4. Concentration of Acetate Over Time in Fe3+-citrate Medium Inoculated with 
GS-15 Microorganisms (Adapted from Lovley and Phillips, 1988) 
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Figure 5. Concentration of GS-15 Cell Numbers Over Time in Fe3+-citrate Medium 
(Adapted from Lovley and Phillips, 1988) 
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Figure 6. Concentration of Fe2+ Over Time in a Fe3+-citrate Medium Inoculated with 
GS-15 Microorganisms (Adapted from Lovley and Phillips, 1988) 

The acetate consumption for the above experiment indicates that acetate was the sole 

electron donor for the Fe3+ reduction (Lovley and Phillips, 1988:1476). The 

stoichiometry for the acetate consumption and Fe2+ accumulation includes one mole of 

acetate oxidized to two moles of carbon dioxide and eight moles of Fe3+ to eight moles of 

Fe2+. A general expression for the acetate metabolism is: 

CH3COO- + %Fe3+ + 3H20 -» 8Fe2+ + HCO~ + C02 + 8/T    <17> 

The products of this expression show carbon dioxide in two forms. The HCO3" 

(bicarbonate) term represents the carbon dioxide dissolved in water. The CO2 term 

represents the carbon dioxide formed in the reaction that is not dissolved in water. As 

illustrated, both forms of carbon dioxide are produced in this reaction; formation of the 

various forms is dependent on the pH of the system. The actual reaction in nature is more 

complicated than this simple expression. Various forms of iron sources and cell synthesis 

create complexity in this expression (Lovley and Phillips, 1988:1476). 
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Additional experiments show that microorganisms can also oxidize formate with 

the reduction of Fe3+ (Lovley et al, 1989:702). Similar to acetate metabolism, the 

microorganisms, identified as A. putrefaciens, obtain energy for growth by oxidizing the 

formate and reducing Fe3+ (Lovley et al, 1989:703). 

The following figures illustrate results from the formate metabolism experiments: 
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Figure 7. Concentration of Formate Over Time with Fe3+ Reduction by A. putrefaciens 
(Adapted from Lovley et al, 1989) 

Figure 8. Fe   Accumulation Over Time with A. putrefaciens Microorganism Growth 
(Adapted from Lovley et al, 1989) 
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Figure 9. Growth of A. putrefaciens with Formate as Electron Donor and Fe3+-citrate as 
Electron Acceptor (Adapted from Lovley et al, 1989) 

The stoichiometry for the formate consumption includes one mole of formate oxidized to 

one mole of carbon dioxide and two moles of Fe3+ reducing to two moles of Fe +. A 

general expression for this formate oxidation is: 

3+ HCOCT + H,0 + 2Fei+ -» HCO: + 2H+ + 2Fe .2+ (18) 

Similar to the acetate expression, the carbon dioxide formed in this reaction is in 

the bicarbonate (HCO3") form. The carbon dioxide formed is dissolved in water. 
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III. Methodology 

Constructed wetlands are biologically complex systems with countless 

interactions and relationships among internal parameters. One method to evaluate 

internal behavior and relationships in the constructed wetland is system dynamics. Using 

a mechanistic model of the constructed wetland, system dynamics incorporates internal 

feedback loops, time-sensitive behavior, and conditional changes associated with the 

complexity of the system. 

System dynamics simulates basic internal behavior patterns; it focuses on the 

fundamental relationships and processes involved in the constructed wetland. System 

dynamics differs from other empirically based modeling techniques that tend to overlook 

the underlying processes (Moorehead et al, 1996:138). Through simulation, system 

dynamics allows the study of internal relationships, system boundaries, and behavior of 

individual parameters in the system. 

The system dynamics approach is divided into four separate phases. The first, 

called conceptualization, familiarizes the modeler with the general problem area and 

develops organizations concepts. Formulation, the second phase of system dynamics, 

involves building a model and selecting parameter values in the system. The third phase 

is testing; in this phase, behavior and structure configuration of the mechanistic model is 

evaluated. The final phase, called implementation, demonstrates the practical use of the 

model in managing the system. Because the system dynamics process is iterative in 

nature, portions of the model may require multiple reformulation steps and, in turn, 
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require the modeler to repeat the previously described phases to provide a mechanistic 

representation of the processes under consideration. 

Conceptualization 

The model presented in this thesis effort is a detailed section of another 

mechanistic model produced by Captain Colby Hoefar of the Air Force Institute of 

Technology in 2000. The structural framework of Hoefar's model (and ultimately this 

thesis effort) is presented as a cross-sectional area of the constructed wetland. The 

constructed wetland cell modeled in this thesis effort has three distinctive soil layers 

where individual and sequential bioremediation processes degrade the contaminants. 

This thesis effort specifically models the middle zone in the constructed wetland 

system. This zone, called the iron zone, is a research endeavor and is a unique layer 

introduced into this constructed wetland cell. The literature provides limited information 

about the oxidized iron depletion in contaminant degradation processes. Three 

contaminants known to degrade through a mineralization process with oxidized iron as an 

electron acceptor are VC, cis-DCE, and trans-DCE. These contaminants are daughter 

products from degradation processes in the methanogenic zone. These three 

contaminants will be modeled and evaluated in this thesis effort. Other contaminants in 

the constructed wetland system (non-reacted PCE and TCE, for example) flow through 

the iron zone and will not be considered in this thesis effort. In addition to the described 

contaminants, organic matter also reacts with the oxidized iron in the iron zone. This 

organic matter flows into the iron zone with the groundwater flow from the methanogenic 

zone. The organic material flowing into the iron zone exists in many forms. Modeling 
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every form of organic material in the iron zone is unrealistic for this thesis effort. 

Therefore, five organic acids and two types of alcohol have been chosen to represent the 

organic material in the iron zone. The organic acids modeled will be acetic acid, formic 

acid, propionic acid, butyric acid, and lactic acid. The two forms of alcohol modeled will 

be ethanol and methanol. Although other organic material may also react with the 

oxidized iron, the modeler and committee of this thesis believe that the reactions of these 

seven organics are significant and represent the majority of the organic material activity 

in the iron zone. Another component modeled in this thesis effort is hydrogen. Through 

the oxidized iron depletion processes occurring in the iron zone, hydrogen (H2) and the 

hydrogen ion (H+) are produced. These forms of hydrogen then continue the degradation 

of oxidized iron or flow out of the iron zone with groundwater flow. 

Figure 10 is a conceptual illustration of the oxidized iron depletion in the iron 

zone in the context of the entire constructed wetland system. The arrows in the figure 

represent where the chemicals initiate (tail of arrow) and flow (head of arrow). Arrows 

going across a zone (PCE, TCE, CH4, C02, and H+ crossing the iron zone, for example) 

show that these chemicals do not degrade and move directly through the zone. 
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Figure 10. Cross-sectional Illustration of Degrading Materials in Constructed Wetlands 

Formulation 

In preparation for producing a model of the iron zone, an appropriate software 

package must be chosen. For this thesis effort, STELLA 6.0 Research, provided by High 

Performance Systems is chosen. The software uses stocks (accumulations in the model) 

and flows (rates of movement) to model the system. Model development requires 

knowledge of degrading processes occurring in the iron zone. In general, the model 

produced in this thesis effort has been produced using a mass balance approach; educated 

assumptions for reaction rates and other parameters will be used when not available in the 

literature. 

To model microbial activity in the iron zone, reactions for oxidized iron depletion, 

contaminant degradation, hydrogen reduction, and organic reduction are necessary. 
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Representing every possible reaction occurring in the iron zone is unrealistic due to the 

countless microbial interactions and dynamic behavior of microorganisms in the system. 

Additionally, limited information in the literature about oxidized iron depletion makes 

representing the reaction in the iron zone a difficult task. Therefore, for the purpose of 

modeling in this thesis effort, the modeler has proposed the following ten reactions. 

These reactions, formed using the contaminants, hydrogen, and organic materials listed 

previously in this chapter, represent the dominant degradation activity in the iron zone. 

Note that the form of oxidized iron throughout the reactions is hematite (Fe203). Also, 

the reduced form of iron in the reactions is Fe(OH)2. Although numerous other forms of 

oxidized and reduced iron are available in nature, these forms of iron have been chosen to 

simplify the modeling process. The first reaction involves VC: 

C2H3Cl + Fe203 + 5H20 -> 2C02 + 2Fe(OH)2 + 9H+ + CV 

The next reaction represents both isomers of dichloroethene (cis-DCE and trans-DCE): 

C2Cl2H2 + Fe203 + 5H20-> 2C02 + 2Fe(OH)2 + S7T + 2CV 

Hydrogen is represented in the model with the following reaction: 

2H2 + Fe203 + H20 -> 2Fe(OH)2 + 2H + 

The next five reactions represent the reaction for the organic acids modeled: 

Acetic Acid: 

CH3COOH+ Fe203 + 5H20 -> 2HC03~ + 2Fe(OH)2 + 8iT 
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Formic Acid: 

HCOOH+ Fe203 + 2H20 -» HCO~ + 2Fe(OH)2 + H+ 

Propionic Acid: 

C2H5COOH+ Fe203 + 3H20 -> CH3COOH+ 2Fe(OH)2 + C02 + H2 

Butyric Acid: 

C3H7COOH+ Fe203 + 5H20 -» CH3COOH+ 2Fe{OH)2 + 2C02 + 5H2 

Lactic Acid: 

2C3H503H + Fe203 + H20 -> C2H5COOH+ CH3COOH+ 2Fe(OH)2 + C02 

The last two reactions represent the two forms of alcohol modeled: 

Ethanol: 

C1H,OH^Fe1Ol +4H20^2C02 +2Fe(pH)2 +10H+ 

Methanol: 

CH3OH+Fe203 +2H20^> C02 + 2Fe(OH)2 + AH+ 

In natural soils, levels of biomass (given acceptable soil conditions) generally 

exist at relatively constant levels. For the purpose of this thesis effort, the biomass 

existing in the iron zone is assumed to support the modeled reactions. Biomass growth 

and death rates will not be considered in this model. With the increased organic and 

contaminant concentrations entering the iron zone, this simple assumption may not be 
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appropriate for modeling the activity in the iron zone. Future study and model 

modification is required to determine the impact of this assumption on the system. 

In order to maintain simplicity in the model and for the reader, the iron zone 

model (found in Appendix A) has been separated into numerous sectors. The first sector 

(Fe3+ reduction to Fe2+) represents the degradation of oxidized iron (hematite) to reduced 

iron (Fe(OH)2). The reduction is represented by the "Reduction Contribution" flow and 

contains input from other sectors in the model. Note the conversion factor reducing 

hematite (Fe203) to Fe(OH)2. 

The "Contaminant Degradation" sector incorporates the three chlorinated 

contaminants modeled in the system. Through the use of arrays, each contaminant (VC, 

cis-DCE, and trans-DCE) is separately represented in the model. The contaminant stock 

represents the accumulation of each contaminant in the system. A single inflow feeds the 

"Contaminant" stock. The degradation of the contaminants is represented by the 

"Mineralization" flow out of the "Contaminant" stock. Built into the model is a 

Michaelis-Menten equation, which incorporates a Km value for the oxidized iron in the 

system. Note that the "Mineralization" flow is arrayed; the following equation represents 

the VC (one of the three contaminants modeled) portion of the model: 

, ,. ,.      ,. C/max((C)XWc )\^ hematite) (19) 
Mineralizatwnvc =  

V-^-m(KC) ~T~^VC )\^-m(hematite) ~*' *-hematite) 

Appropriate conversion factors will be built into the model to account for the molar 

equivalent mass for each reactant and product in the reaction in order to maintain mass 

balance in the model (VC to C02, for example). Bulk groundwater flow transports any 
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hydrogen ion and chloride ion (produced in the contaminant degradation) out of the iron 

zone in accordance with its concentration in the water. 

The next sector is the "Hydrogen" sector. A "Hydrogen in Fe Zn" stock accounts 

for the accumulation of hydrogen in the iron zone. This stock is fed by the inflow of 

hydrogen from the methanogenic zone as well as flows from the "Propionic Acid" and 

"Butyric Acid" sectors. As with the contaminants, a Michaelis-Menten equation 

(incorporating the oxidized iron's Km) represents the reduction of hydrogen in the system: 

,        .       ,Tr^ Vmaxf//,) X*-'H2 X^hematite) ,„„x reduction^ 2) = —     { z —  (20) 
\JS'm(H2) ~*~ ^H2 J\     m(hematite) "r ^hematite ) 

The bulk groundwater flow transports hydrogen not used in the iron zone degradation to 

the aerobic zone; the system's flow moves the hydrogen in accordance with its 

concentration in the water. Again, appropriate conversion factors maintain mass balance 

in the model. 

With noted exceptions, the seven organic materials' model structures are similar. 

Each sector contains a stock, which accounts for the accumulation of the organic material 

in the system. Each stock in the organic sectors is fed by the methanogenic zone. 

Additionally, several stocks have multiple inputs; acetic acid, for example, is fed by the 

"Propionic Acid," "Butyric Acid," and "Lactic Acid" sectors. The reduction of the 

organic materials in the model is represented by a Michaelis-Menten equation 

(incorporating the oxidized iron's Km): 

,        .       , .   N \' rcax(organic) J\    organic )\    hematite ' C}1\ 
reduction(organic) —         (Al) 

\     m(organic) organic Am(hematite)       ^hematite) 

43 



Materials (such as bicarbonate, carbon dioxide, hydrogen, and hydrogen ion) produced in 

individual reactions will be modeled by flows exiting the appropriate sectors. The 

reaction involving acetic acid, for example, produces hydrogen ion. Therefore, a flow 

exists between the "Acetic Acid" and "Hydrogen Ion" sectors. In each organic sector, a 

bulk water flow moves any non-reacted organic material out of the iron zone in 

accordance with its concentration in the water. Appropriate conversion factors, built into 

the model, account for the molar equivalent mass for each reactant and product in the 

reactions. 

The "CO2" sector has the "C02 in Fe Zn" stock that is fed by numerous flows. 

First, C02 inflow from the methanogenic zone enters the stock. Additionally, the stock is 

fed by the "Contaminant Degradation" (all three contaminants modeled), "Propionic 

Acid," "Butyric Acid," "Lactic Acid," "Ethanol," and "Methanol" sectors. The C02 

entering and produced in the iron zone flows to the aerobic zone with the groundwater 

flow of the constructed wetland. 

The "Bicarbonate" sector contains the "Bicarbonate in Fe Zn" stock that is fed by 

the inflow from the methanogenic zone as well as the "Acetic Acid" and "Formic Acid" 

sectors. Similar to carbon dioxide in the "CO2" sector, bicarbonate entering and formed 

in the iron zone flows to the aerobic zone with the groundwater flow of the system. 

The "Hydrogen Ion" sector is centered around the "Hydrogen ion in Fe Zn" stock 

that is fed by the inflow from the methanogenic zone as well as the "Contaminant 

Degradation" (all three contaminants modeled), "Hydrogen," "Acetic Acid," "Formic 

Acid," "Ethanol," and "Methanol" sectors. Groundwater flow moves any hydrogen ion 
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out of the iron zone (and into the aerobic zone) in accordance with its concentration in the 

water. 

The final sector in the model is the "Parameters for Model" sector. In this sector, 

parameters for the model are defined. Also, conversion factors accounting for the 

molecular differences for the reduction of iron in the "Fe3+ reduction to Fe +" sector are in 

this sector. 

Testing 

Testing the Model Dynamics. Before using the model for simulations of natural 

activity, two model runs will be performed to verify that the basic mechanisms and 

internal parameter relationships produce appropriate behavior. Values (original values 

for the model) will be inserted into the model, and the first model run will be performed. 

Then, the organic material inflows will be set to zero. With no other materials competing 

for the hematite in the system, the contaminant degradation should remain constant 

throughout the second run. This behavior will be evaluated. If observed behavior is not 

appropriate, the model will be evaluated to determine whether the internal relationships 

are correctly represented. Expected behavior does not necessarily prove that the model is 

correct. It simply builds confidence in this portion of testing. 

Structure-verification Test. This test relates the structure of the model to that of 

the actual system it represents. Throughout model construction, the modeler will evaluate 

each stock, flow, and converter put into the model. Then, after completion of the model, 

experts knowledgeable about the actual system will review the model structure. The 

model's structure must not contradict the structural integrity of the actual system. 
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Additionally, the model structure will be compared with previous models of constructed 

wetlands (notably Hoefar's model). 

Extreme-conditions Test. This test determines if the model behaves appropriately 

given extreme conditions. Three model runs will be performed to test the model. 

Parameter values, including groundwater flow, concentration of contaminants, 

concentration of organics, and concentration of hydrogen, will be changed to represent 

extreme high and low values. For the first model run, parameters will be set to original 

values. This run will allow the modeler to compare the extreme runs to a run under 

normal parameter values. The second run will incorporate extremely high parameter 

values, and the third run will incorporate extremely low parameter values. The extreme 

values will be chosen by the modeler and reported with the output results in Chapter 

Four. Model output for runs two and three will be observed for unsuspected behavior and 

model failure. 

Implementation 

Testing procedures, as described, do not prove model correctness in relation to the 

actual system. As more tests are performed and "passed," however, the modeler builds 

confidence in the model and the system dynamics approach. Once this confidence is 

gained, the model can be utilized to explore various parameter combinations and 

determine optimal contaminant destruction. Further, sensitivity analysis on parameters in 

the model can be used to determine the areas of the model which have the most impact to 

the system. From the results of the sensitivity analysis, model users can optimize 
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treatment conditions for the constructed wetland cell as well as establish research 

priorities based on parameters found to be important in contaminant treatment. 

Once the iron zone portion of the constructed wetland is produced and tested, 

simulations will be run to evaluate the behavior and contaminant treatment ability of the 

constructed wetland system. The first two sets of simulations (described below) perform 

sensitivity analyses on uncertain parameters in the model. By observing the results of 

these analyses, conclusions can be drawn about the importance for additional sampling 

and work to determine actual tested values for the questionable parameters. The other 

four sets of simulations involve changing engineered-controlled parameters of the model 

and observing the resulting behavior. 

In several of the following simulation sets, the modeler chooses to evaluate the 

behavior of the ten simulations. The ten simulations allow the modeler to represent a 

wide range of parameter values and parameter value combinations in the system. By 

limiting the simulations to ten, however, results can be easily interpreted. Future studies 

on this model may include expanding these numbers of simulations and combinations in 

the system. Additionally, the combinations chosen in the following simulation sets have 

no direct association to literature or experimental sampling. The modeler attempts to 

provide a wide range of parameters and combine various parameter values for the 

materials modeled. Additionally, values chosen in model simulations incorporate expert 

opinions. For example, in the majority of the simulations, the modeler chooses higher 

concentration values for acetic and formic acid compared to the other organics, hydrogen, 

and contaminants. Though these values and combinations are not directly associated with 
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literature or experimental work (at the time of this thesis effort), expert opinions lead the 

modeler to the parameter selections. Again, future studies may expand these 

combinations or use parameter values associated with future samples taken from the 

actual constructed wetland. 

The first set of simulations involves Vmax parameters in the system. A total of 

sixty-seven simulations will be performed in this set. The Vmax parameter plays a vital 

role in the Michaelis-Menten kinetics of contaminant, hydrogen, and organic reactions. 

Results of laboratory experiments providing values for Vmax parameters are limited in the 

literature. Therefore, it is necessary to evaluate the importance (by studying the impact) 

of these numbers for each material modeled in the system. Values assigned to each 

material modeled come from the limited experiments in the literature (Bradley and 

Chapelle (1997) for example), previous models (Hoefar's model), and educated 

approximations (for materials not found in literature or previous models). These values 

assigned will be referred to as original values for the model. For each contaminant, 

organic, and hydrogen, five values (a total of fifty-five values) will be chosen 

incorporating a range for each material. The original value for each material falls 

approximately in the middle of these ranges. Values chosen for each material will be 

order of magnitudes below and above the original values. The values chosen for each 

material is reported in Chapter Four. The modeler expects the actual Vmax value for each 

material to be in the simulated range. Fifty-five simulations will be run using values 

chosen for each material modeled. While individual parameters are changed for each 

simulation, the other parameters in the model will remain constant (as original values). 
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Next, ten simulations will be run representing intermediate Vmax values for the system. 

The intermediate values (for each material) used in the simulations will be in the same 

range used for the first fifty-five simulations of this set. As described earlier in this 

chapter, these ten simulations incorporate possible combinations of Vmax values. Instead 

of changing individual material parameters per simulation, however, all material 

parameters will be changed for each of the ten simulations. Parameter values used in 

these simulations will be reported in Chapter Four. Finally, two simulations will be run 

representing extreme values for Vmax parameters. For the first simulation, all material 

Vmax parameters will be set to the lowest values used in the respective ranges. Then, all 

material Vmax parameters will be set to the highest values used in the respective ranges 

(values used will be reported in Chapter Four). 

The second set of simulations modifies the Km parameters in the system. A total 

of seventy-seven simulations will be performed in this set. Similar to the Vmax parameter, 

Km values are important in the Michaelis-Menten equations in the model, but limited 

experiments (found in the literature) place values on these parameters. In addition to the 

materials simulated in the first set, hematite also has a Km value, which must be 

evaluated. Values assigned to each material (referred to as original values) come from 

limited experiments in the literature (Bradley and Chapelle (1997) for example), previous 

models (Hoefar's model), and educated approximations (for materials not found in 

literature or previous models). For each contaminant, organic, and hydrogen, five values 

(a total of fifty-five values) will be chosen incorporating a range for each material. Also, 

ten values will be chosen for hematite. Note the additional values to be simulated for 

49 



hematite. These additional values (and ultimately simulations) will be performed because 

hematite's Km value exists in all Michaelis-Menten equations in the model. The original 

value for each material (contaminants, hydrogen, organics, and hematite) falls 

approximately in the middle of the respective ranges; values chosen for each material will 

be orders of magnitude below and above the original values and can be found in Chapter 

Four. Sixty-five simulations (five for each contaminant, hydrogen and organic and ten for 

hematite) will be run using values chosen for each material modeled. While individual 

parameters will be changed for each simulation, the other parameters in the model will 

remain constant (as original values). Next, ten simulations will be run representing 

intermediate Km values for the system. The intermediate values (for each material) used 

in the simulations will be in the same range used in earlier simulations in this set. These 

ten simulations incorporate possible combinations of Km values. Instead of changing 

individual material parameters per simulation, however, all material parameters will be 

changed for each of the ten simulations. Parameter values used in these simulations will 

be reported in Chapter Four. Finally, two simulations will be run representing extreme 

values for Km parameters. For the first simulation, all material Km parameters will be set 

to the lowest values used in the respective ranges. Then, all material Km parameters will 

be set to the highest values used in the respective ranges (values used will be reported in 

Chapter Four). 

The third set of simulations involves the "Fe3 Hematite" stock parameter. A total 

of fifteen simulations will be performed in this set. In the field, engineers can not 

evaluate the exact amount of hematite in the soil. Therefore, these simulations vary the 
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amount of hematite with all of the other parameters held constant (as original values). 

Hematite depletion behavior can be evaluated with these simulations. The smallest value 

simulated is approximately one ten-thousandth of a percent (0.0001 %) of the soil (by 

mass), and the highest value is approximately one percent (1 %) of the soil (by mass). 

Other simulations (between these extreme values) will also be simulated. 

The fourth set of simulations involves the groundwater flow parameter. Recall 

that the model assumes continuous groundwater flow through the constructed wetland 

system. A total of twenty-five simulations will be performed in this set. For the United 

States Air Force project, the desired retention time for groundwater flow through the 

entire constructed wetland is approximately five to twenty-five days. This retention time 

relates to groundwater flow through the wetland of 15.71 gallons/minute to 3.14 

gallons/minute, respectively. Realistically, however, the groundwater retention time 

could vary between one day and twenty-five days or longer (groundwater flow 78.55 

gallons/minute to 3.14 gallons/minute). Flow rates associated with retention times lower 

than one day are not desired and may negatively affect the design of the constructed 

wetland. Channeling, for example, may occur (at high flow rates) throughout the wetland 

and compromise the evenly distributed flow (assumed throughout the constructed 

wetland). Also, flow rates associated with retention times higher than twenty-five days 

are not desired. When retention times reach high levels (above twenty-five days, for 

example), the total volume flow through the constructed wetland may become less than 

that required to capture the contaminated groundwater plume. As a result, actions would 

need to be taken to contain the contaminated groundwater until the constructed wetland 
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could treat it. For this thesis effort, flow rates will be simulated starting at one-day 

retention time (groundwater through the entire constructed wetland system) and increased 

in increments to twenty-five days retention time. Values used in these simulations will be 

reported in Chapter Four. 

The fifth and sixth sets of simulations involve the inflow concentration parameters 

for each material in the system. The fifth set contains thirty-two simulations while the 

sixth set contains forty-seven. Naturally, the contaminants, hydrogen, and organics flow 

into the iron zone at various concentrations. Without sampling the groundwater entering 

the iron zone of an operational constructed wetland (not available at the time of this thesis 

effort), exact values for the concentrations are not available. Therefore, educated 

approximations for each material's inflow concentrations will be made and entered into 

the model. Concentration values of identical materials in similar soils will be taken into 

consideration when approximating these values. Once entered into the model, the 

approximations will be known as original values. The fifth set of simulations accounts 

for the contaminants and hydrogen. For each contaminant and hydrogen, five values (a 

total of twenty simulations) will be chosen incorporating a range for each material. 

Similarly, in the sixth set of simulations, five values are chosen for each organic (totaling 

thirty-five simulations). Values chosen for each material are orders of magnitude below 

and above the original values. For these first simulations (first twenty in fifth set and 

thirty-five in sixth set) individual parameters are changed for each simulation while the 

other parameters in the model remain constant (as original values). The next ten 

simulations for each set will be run representing intermediate inflow concentration 
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values. The values (for each material) used in these simulations are in the range used in 

previous simulations (just described). The ten simulations for the fifth set will represent 

possible combinations of contaminant. Likewise, the ten simulations in the sixth set will 

represent possible organic combinations (contaminant and hydrogen constant at original 

values) in the system. Values used in these simulations will incorporate combinations 

from the entire ranges for each material. Parameter values used in these simulations will 

be reported in Chapter Four. The final two simulations (for each simulation set) represent 

extreme values for the inflow concentration parameters. In the fifth set, the contaminant 

and hydrogen values will be simultaneously minimized (in relation to respective ranges) 

for one simulation and simultaneously maximized for another simulation. For the sixth 

set, similar simulations will be run for all the organic materials. 
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IV. Results and Discussion 

The results of testing and model simulations are reported in this chapter to build 

confidence in the iron zone model of a constructed wetland. Model simulations 

representing behavior in the iron zone (described in Chapter 3) will be discussed to 

provide understanding of the dynamic processes in the constructed wetland system. This 

model, combined with studies of the other layers in the constructed wetland, provide 

understanding for a viable, cost-effective alternative for groundwater remediation. This 

chapter will also serve to answer the research questions found in Chapter One. 

After constructing the iron zone model (found in Appendix A), certain tests build 

confidence in the model's structure. The first test evaluates the model's dynamics. To 

perform this test, the modeler runs two simulations with the model. For the first run, the 

modeler uses original parameter values for all materials in the model. Then, for the 

second simulation, the modeler sets inflow values of the organic material in the system to 

zero. Figure 11 compares the VC degradation output curves for the two simulations. VC 

is one of three contaminants evaluated in the model; therefore, comparing differences in 

the output curves for the VC degradation in the model is justified. 
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Figure 11. Comparison of VC Degradation with and without Organic Inflow Influence. Curve 1 
shows VC degradation in the model simulation with all of the organic material 
influences. Curve 2 shows the VC degradation in the system when the inflows of all 
organic material are set to zero. 

As the first simulation begins, VC enters the iron zone with groundwater flow. The 

output curve (curve 1, Figure 11) shows that VC degradation quickly reaches a steady 

state level. This level is determined by the reaction rate equation built into the model. 

The VC degradation remains at this steady state level using hematite as the electron 

acceptor in the degradation process. Due to the contaminant and organic influence in the 

simulations, the hematite in the iron zone is exhausted at approximately 15,000 days. At 

this point, the VC degradation drastically declines as seen in the model output. Without 

the hematite acting as an electron acceptor, significant VC degradation in the model 

simulation ceases. The second simulation (curve 2, Figure 11) also shows VC 
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degradation reaching a steady state quickly. Instead of dropping like the first simulation, 

however, the VC degradation remains constant for the remainder of the simulation. 

Without organic influence, the hematite in the system is not exhausted (over the evaluated 

period), and the VC degradation continues at its steady state level throughout the 

simulation. Although output graphs are not shown, similar behavior occurs for the other 

contaminants (cis-DCE and trans-DCE) in the test. Therefore, the modeler gains 

confidence in the model through this testing procedure. 

The next test, described in Chapter Three, is the structure-verification test. This 

test is on going through the construction of the model. As the modeler builds each sector 

of the model, personal knowledge of the system is constructed into the model. On more 

than one occasion, questions arise about parameter representation in the model. Reaction 

rate equations, for example, need accurate representation for each material in the model. 

Experienced modelers and individuals knowledgeable about the system provide guidance 

on model construction. Upon completion of construction, the modeler and other 

committee members evaluate the model for structural flaws. Also, the modeler compares 

the model to Hoefar's previously constructed wetland model. No major problems are 

detected during these evaluations, and the modeler continues to gain confidence in the 

model. 

Next, the modeler performs the extreme-conditions test on the model. This test 

evaluates model behavior when extreme parameter values are put into the model. The 

modeler uses the hematite depletion output graph to evaluate model behavior in this test. 

Figure 12 illustrates model output for three simulations performed in this test; 
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additionally, the accompanying table provides parameter values used for each simulation 

in the test. 
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Figure 12. Comparison of Hematite Degradation with Original and Extreme 
Conditions for Flow Rate and Inflow Concentrations. Curve 1 shows 
hematite depletion in the system with original parameter values for each 
input variable. Curve 2 incorporates extremely high values into the model. 
Curve 3 shows hematite depletion output for extremely low parameter 
values. 
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Table 3.   Values Used for Extreme-conditions Test. Units are displayed 
next to each input variable. Simulation 1 incorporates original 
values for model. Simulation 2 uses extremely high values for each 
input variable. Simulation 3 incorporates extreme low variables 
into the model for each given input variable. 

Input Variable 

Flow rate (mA3/d) 
VC inflow cone (mg/d) 

c/s-DCE inflow cone (mg/d) 
trans-DCE inflow cone (mg/d) 

Ethanol inflow cone (mg/d) 
Methanol inflow cone (mg/d) 

Lactic Acid inflow cone (mg/d) 
Propionic Acid inflow cone (mg/d) 

Formic Acid inflow cone (mg/d) 
Butyric Acid inflow cone (mg/d) 
Acetic Acid inflow cone (mg/d) 
Hydrogen inflow cone (mg/d) 

10.5 
0.01 

0.015 
0.005 

1 
0.5 

0.75 

0.75 
10 

4.00E-07 

Simulation 

1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

1.00E-06 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 
1.00E-11 

Clearly, the model does not crash when extreme values are entered for parameters. In 

fact, the output curves in Figure 12 illustrate expected behavior for the model under 

extreme conditions. Curve 2, illustrating the depletion of hematite with extremely high 

parameter values in the model, decreases much more quickly than curve 1 (original 

parameter values). Naturally, with higher concentrations of reacting materials in the iron 

zone, the hematite depletes quicker. When parameters are set to extreme low values 

(represented by curve 3), the amount of hematite in the iron zone does not appear to 

decrease. Because of the small concentrations of reacting materials, only a minute 

amount of hematite depletes. The output graph (Figure 12) is scaled so curve 3 shows no 

decline through the model run. 
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The testing simulations previously performed on the model do not prove that the 

model is "correct." However, these tests allow the modeler to gain confidence in the 

model and the system dynamics approach. Therefore, after completing the testing 

simulations, the modeler gains confidence to implement the model for the purpose of this 

thesis effort. As described in Chapter Three, the modeler implements the model through 

numerous sets of simulations. 

For the first implementing set of simulations, Vmax parameters throughout the 

system are changed and evaluated. Details of the individual simulations are found in 

Chapter Three. The modeler categorizes the model output (hematite depletion) as 

changing minimally, moderately, or significantly when influenced by changing Vmax 

parameters. Recall that depletion of hematite is influenced by all contaminants, 

hydrogen, and organics as the model is run. Therefore, as these materials are introduced 

into the iron zone, the hematite depletes continually through the model simulations. This 

set of simulations evaluates the changes in hematite depletion as different Vmax 

parameters are changed. 
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Figure 13 shows an example of minimal hematite depletion variation when VC 

(one of the contaminants modeled in the system) Vmax is changed. 
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Figure 13. Hematite Depletion with Changing VC Vmax. The 5 simulations 
incorporate increasing VC Vmax parameter values. 

VC Vmax values used in the five simulations shown are found in Appendix C. Comparing 

the five simulations, the hematite depletion varies minimally (scale of graph makes 

depletion curves appear to be identical) with the values of VC Vmax set at different orders 

of magnitude. Because the concentrations of contaminants (VC in this example) are less 

than other materials in the system (i.e., the organics), the impact of VC Vmax variations on 

the depletion of hematite in the system is minimal. 
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Next, the Vmax parameter simulations for butyric acid show an example of a 

moderate influence of hematite depletion. 
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Figure 14. Hematite Depletion with Changing Butyric Acid Vmax. The 5 simulations 
incorporate increasing Butyric Acid Vmax parameter values. 

Unlike the VC Vmax example, these simulations show a moderate change in the hematite 

depletion curves when different values of butyric acid Vmax (found in Appendix C) are set 

in the model. When only the butyric acid Vmax parameter is changed, the hematite in the 

iron zone appears to be exhausted (to a value approaching zero) between a range of 

approximately 12,500 days and 16,000 days. 
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The acetic acid Vmax parameter simulations show an example of a significant 

influence on hematite depletion. 
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Figure 15. Hematite Depletion with Changing Acetic Acid Vmax. The 5 simulations 
incorporate increasing Acetic Acid Vmax parameter values. 

As the values of acetic acid Vmax (found in Appendix C) are changed in the five 

simulations, significant changes result in the hematite depletion. Therefore, the acetic 

acid Vmax parameter appears to have a large influence on hematite depletion. When only 

the acetic acid Vmax parameter (as set in the simulations) is changed, hematite appears to 

be exhausted between a range of 3000 days and over 20,000 days. This range illustrates 

the significant influence that the acetic acid parameter has on the model. 

The following table categorizes the influence that Vmax parameters (of each material 

modeled in the system) have on the constructed wetland system. Note that the examples 

shown above (Figures 13 through 15) are included in Table 4. 
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Table 4: Influence of Vmax and Approximate Range of Hematite Degradation for Each 
Material in System 

Material Influence of Vmax parameter in 
simulations 

Approximate Range of 
Hematite Depletion 

(days) 
low High 

VC minimal 15100 15100 

c/'s-DCE minimal 15100 15100 

trans-DCE minimal 15100 15100 

H2 moderate 13000 15100 

Acetic Acid significant 3000 20000+ 

Formic Acid significant 4000 20000+ 
Propionic Acid moderate 12000 16500 

Butyric Acid moderate 13000 16000 

Lactic Acid moderate 14000 15500 

Ethanol moderate 11000 17000 

Methanol moderate 11000 17000 

For each simulation in this set, output graphs of contaminant degradation are found in 

Appendix C. The following figure gives an example of VC degradation behavior when 

changes in H2 Vmax are simulated. 
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Figure 16: VC Degradation with Changing H2 Vmax. The 5 simulations incorporate 

increasing hydrogen Vmax parameters in the model. 
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Figure 16 shows that, as the model runs, the VC degradation quickly reaches a steady 

state value of approximately 340 mg/d. As the model continues, the hematite in the iron 

zone is eventually exhausted (time to deplete hematite is specific to each simulation). As 

a result, the VC degradation drastically falls to a level near zero milligrams per day. In 

this example (Figure 16), the VC degradation drops significantly between approximately 

13,000 and 15,100 days. 

Similar behavior for cis-DCE and trans-DCE is observed for each model 

simulation in graphs found in Appendix C. As model simulations run, the observed 

levels of degradation (comparable to 340 mg/d for VC in this example) are approximately 

500 mg/d and 165 mg/d, respectively. The different values observed for contaminant 

degradation result from different parameter values (i.e., Vmax, inflow concentrations, and 

Km) put into the Michaelis-Menten reaction equations (described in Chapter 2) for each 

individual contaminant. 

In three specific cases, contaminant degradation output curves do not reach 

identical steady state levels for simulated Vmax values. The first of these cases appears in 

the VC degradation output graph when VC Vmax changes are simulated. The following 

output graph shows the different levels of VC degradation resulting from simulated 

changes in VC Vmax (provided in accompanying table). 
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Figure 17. VC Degradation Changing VC Vmax. The 5 simulations 
incorporate increasing VC Vmax parameter values as shown in 
Table 5. 

TABLE 5: Values Used for Changing VC Vmax Simulations.   Units 
for VC Vmax are mg/d. 

Input Variable Simulation 
1 2 3 4 5 

VC Vmax 
(mg/d) 

10 1000 10000 15000 19200 

Clearly, the changing Vmax parameters influence the level of VC degradation. Note that as 

the VC Vmax increases, the degradation of VC in the system also increases. This behavior 

results from the influence of the Vmax parameter in the Michaelis-Menten reaction rate 

equation. However, because each contaminant has individual reaction rate equations, the 
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changing VC Vmax parameter does not directly influence the reaction rate (and, ultimately, 

the steady state degradation level) for cis-DCE and trans-DCE. Therefore, in this 

example, the output graph and accompanying value table show that the cis-DCE and 

trans-DCE degradation rates are sensitive to their respective Vmax parameters, not the 

changing VC Vmax parameter. The other two cases of varying levels of degradation in 

response to changing Vmax parameters are cis-DCE degradation rate when cis-DCE Vmax 

changes and trans-DCE degradation rate when trans-DCE changes. Output graphs for 

these simulations are in Appendix C. 

The next simulations (still in the first set of simulations) combine various Vmax 

values for the contaminants, hydrogen, and organics. Though the modeler performed ten 

simulations with various combinations, Figure 18 provides only five of the ten 

combination runs. By eliminating five of the combination simulations (for Figure 18), no 

significant data or behavior is lost, the output graph is easier to read, and the output 

curves are labeled according to the simulation. 
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Figure 18. Hematite Depletion with Combination Vmax Values. The 
Vmax parameter values used for each simulation are defined in 
Table 6 below. These simulations incorporate various 
combinations of Vmax parameters in the system. 
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Table 6. Values Used in Combination Simulations, Set 1. Units for each Vmax value 
are mg/d 

Input Variable Simulation 

1 2 3 4 5 

VC Vmax 
(mg/d) 

4000 12000 10000 3000 1000 

c/s-DCE Vmax 
(mg/d) 

5000 15000 12000 10000 16000 

trans-DCE Vmax 
(mg/d) 

5000 20000 12000 5000 20000 

H2 Vmax 
(mg/d) 

10000 7000 150000 1000 800000 

Acetic Acid Vmax 
(mg/d) 

25000 5000 700000 400000 50000 

Formic Acid Vmax 
(mg/d) 

25000 5000 90000 300000 40000 

Propionic Acid Vmax 
(mg/d) 

15000 3000 150000 200000 50000 

Butyric Acid Vmax 
(mg/d) 

12500 4000 300000 80000 70000 

Lactic Acid Vmax 
(mg/d) 

11000 3000 50000 90000 30000 

Ethanol Vmax 
(mg/d) 

10000 2000 100000 75000 20000 

Methanol Vmax 
(mg/d) 

10000 2000 20000 75000 20000 

In Figure 18, the hematite depletes at various rates according to the parameter values used 

for each simulation. The first simulation tends to decrease all the Vmax parameters in the 

model. As a result, the hematite depletion rate decreases rather significantly. In the 

second simulation, the contaminant Vmax values are elevated and the organic Vmax values 

are decreased. The resulting hematite depletion output curve (curve 2) shows that the 

organic material has a greater influence on the depletion of hematite compared to the 

contaminant materials. Simulations three and four also support this claim. When the 

organic Vmax values are increased, the hematite depletion rate (slope of the output curve) 
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significantly increases. Figure 19 shows the output graph for VC behavior associated 

with the five combination simulations of Figure 18 and Table 6. 
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Figure 19. VC Degradation with Combination Vmax Values. TheVmax 

parameter values used for each simulation are defined in Table 
6. These simulations incorporate various combinations of Vmax 

parameters in the system. 

The output graph shows that the degradation of VC is dependent on the parameters of the 

simulations. According to Figure 19, the VC degradation quickly reaches its steady state 

value (dependent on the reaction rate parameter values) and remains at that value until the 

hematite in the system is exhausted. Similar results are found in the cis-DCE and trans- 

DCE behavior output graphs in Appendix C. Also, for further reference, the complete set 

often combination simulations and accompanying value tables are found in Appendix C. 
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The final two simulations in the first set of simulations represent extreme 

minimum and maximum Vmax values for the materials in the system. With all Vmax 

parameters set at a minimum (described in Chapter 3), the hematite in the system shows 

no sign of depletion. The small Vmax parameters, components of the Michaelis-Menten 

degradation equations for each material, limit the degradation of contaminants, hydrogen, 

and the organics; ultimately, this also limits the amount of hematite depletion in the 

simulation. The output graphs associated with the extreme minimum Vmax values are in 

Appendix C. At the other extreme, maximum Vmax values appear to deplete the hematite 

rapidly. Within 2000 days, the hematite in the system is exhausted. This behavior shows 

that large Vmax parameters influence the system with large degradation rates and hematite 

depletion. The output graphs for contaminant degradation show larger amounts of 

contaminants degrading while the hematite is available. Again, the higher degradation 

rates result from the extreme maximum Vmax parameters in the Michaelis-Menten 

equations for each contaminant in the system. Output graphs and accompanying tables 

showing the extreme Vmax parameters are in Appendix C. 

The second set of simulations (as described in Chapter 3) changes and evaluates 

the Km values throughout the model. Recall that the Km values for each material in the 

system represent a component in the denominator of the Michaelis-Menten equation. 

Refer to Chapter Two for further explanation of the Michaelis-Menten equation. Similar 

to the Vmax influence in the first set of simulations, the modeler categorizes the model 

output (hematite depletion) as changing minimally, moderately, or significantly when 

individual Km values in the system are changed. Figures 13,14, and 15 give examples of 
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minimal, moderate, and significant Vmax influence, respectively. These examples 

represent similar relationships for categorizing the influence of changing Km parameters. 

A complete set of model output representing the influence of changing Km values for each 

material in the system is in Appendix C. The following table (comparable to Table 4 in 

the first set of simulations) categorizes the influence that Km parameters have on the 

system. An additional parameter also exists in this set of simulations. The hematite in 

the system has a Km value that is represented in every Michaelis-Menten equation in the 

model. Thus, the influence of hematite's Km value is also categorized at the bottom of 

the following table. 

Table 7. Influence of Km and Approximate Range of Hematite Degradation for Each 
Material in System. 

Material Influence of Km parameter in 
simulations 

Approximate Range of 
Hematite Depletion 

(days) 
low high 

VC minimal 15100 15100 
c/s-DCE minimal 15100 15100 

trans-DCE minimal 15100 15100 
H2 moderate 13000 15100 

Acetic Acid significant 14000 20000+ 
Formic Acid significant 13000 20000+ 

Propionic Acid moderate 13000 16000 
Butyric Acid moderate 13000 16000 
Lactic Acid moderate 14000 15100 

Ethanol moderate 12000 17000 
Methanol moderate 11500 16500 

Hematite significant 15000 20000++ 

The next simulation (still in the second set of simulations) combines various Km 

values for contaminants, hydrogen and organics. As in the first set of simulations, only 
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five of the ten actual simulations performed are shown in the following output graph and 

table. 
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Figure 20. Hematite Depletion with Combination Km Values. The Kn 

parameter values used for each simulation are defined in 
Table 8 below. These simulations incorporate various 
combinations of Km parameters in the system. 

Table 8. Values Used in Combination Simulations, Set 2. 
Units for each Km variable are mg/L. 

Input Variable Simulation 
1 2 3 4 5 

VC Km (mg/L) 2 0.5 0.05 1000 0.5 

c/s-DCE Km (mg/L) 5 1 0.1 1200 1 

trans-DCE Km (mg/L) 5 1 0.1 1200 1 

H2 Km (mg/L) 10 0.1 100 0.5 0.1 

Acetic Acid Km (mg/L) 5 0.5 2000 25 10000 

Formic Acid Km (mg/L) 5 0.25 100 100 7500 

Propionic Acid Km (mg/L) 1 10 0.5 0.75 100 

Butyric Acid Km (mg/L) 1 5 20 1000 0.01 

Lactic Acid Km (mg/L) 1 10 5 50 0.75 

Ethanol Km (mg/L) 0.5 10 2 5 10000 

Methanol Km (mg/L) 0.5 5 1 25 2000 

Hematite Km (mg/L) 5 0.1 7.5 20 0.01 
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As shown in the output curves of Figure 20, the contamination Km values influence 

hematite depletion in the system. As a component in the Michaelis-Menten reaction rate 

equations for each material in the model, varying Km values tend to deplete the hematite 

slower than simulations with lower Km values. This observation matches the expected 

behavior of Michaelis-Menten reaction rate equations. With higher Km values placed into 

the Michaelis-Menten equation (all other parameters held constant), a smaller degradation 

rate results. This degradation rate ultimately affects the influence of the material on the 

system. The combination simulations also provide information about material influence 

in the model. In the first simulation, for example, contaminant Km values are all 

increased; additionally, certain organic material Km values in the simulation are 

decreased. The resulting output curve shows an increased hematite depletion rate. 

Therefore, the influence associated with the changing organic Km values outweighs the 

influence of the changing contaminant Km values. The following output graph (Figure 

21) gives the VC behavior associated with the five combinations used in Figure 20 and 

Table 8. 
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Figure 21. VC Degradation with Combination Km Values. The Km parameter 

values used for each simulation are defined in Table 8. These 
simulations incorporate various combinations of Km parameters in 
the system. 

The output curves for each combination simulation show that the levels of VC 

degradation are dependent on the changing VC Km values. In the third simulation, for 

example, a low VC Km value (compared with other VC Km values simulated) is used. 

The resulting output curve shows a higher steady state level than the other simulations. 

Additionally, in the fourth simulation, a high VC Km value is simulated, and a low steady 

state level of VC degradation results. Therefore, these simulations demonstrate that the 

Km component of the Michaelis-Menten reaction rate equation influences degradation 

rates of associated materials. Output graphs, showing similar results for cis-DCE and 

trans-DCE behavior, are in Appendix C. Instead of only five simulations, however, 
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Appendix C output graphs illustrate all ten simulations that were run. A complete list of 

values used and the output graphs for all ten simulations are also in Appendix C. 

The final two simulations in the second set represent extreme Km values for the 

materials in the system. These simulations are similar to the extreme value simulations in 

the first set; however, Km values replace the Vmax values. The results of the Km extreme 

value simulations appear to be opposite of the Vmax extreme simulations. With all Km 

values set to minimum values, the hematite depletes rapidly. When all Km values are set 

to maximum values, the hematite shows no sign of depletion throughout the simulation. 

These results show the influence that the Km parameters have on the system. Because of 

the structure of the Michaelis-Menten equation, the resultant of the equation is not 

directly proportional to the Km parameters. Instead, the Km parameter is added to the 

material's concentration (the material specific to the equation) to make the denominator 

of the equation. Therefore, because the output curves are sensitive to changes in the Km 

parameters, the concentrations used in the equations are small and do not overpower the 

Km parameters. The output curves for hematite depletion and contaminant degradation 

under the extreme Km parameter values are in Appendix C. 

The third set of simulations changes the amount of hematite available in the iron 

zone and evaluates behavior of the system. In Chapter Three, the procedure reports that 

fifteen simulations were performed. Appendix C contains the output graph for all fifteen 

simulations and the values used for the simulations. The following output graph, 

however, shows only five of the fifteen simulations performed. By only using five 
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simulations, the output graph shows a simplified version of the behavior and labels the 

model simulation runs. 
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Figure 22. Hematite Depletion with Changing Hematite Values. The output curves 
represent the hematite depletion behavior in the system when increasing 

Table 9. Values Used in Changing Hematite Simulations. Units of hematite 
are mg. 

Input Variable Simulation 
1 2 3 4 5 

Fe3 Hematite (mg) 891975 4.50E+08 2.70E+09 6.20E+09 8.90E+09 

Figure 22 shows that the amount of hematite available in the soil directly influences the 

period of time hematite remains in the system. Naturally, the more hematite in the 
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system, the longer period it is available in the model. Figure 23 illustrates VC behavior 

for the five simulations performed in this set and reported in Figure 22 (and Table 9). 
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Figure 23. VC Degradation with Changing Hematite Values.   The hematite 
parameter values used for each simulation are defined in Table 9. 
These simulations show the VC degradation behavior with 
increasing hematite values. 

The degradation of VC in Figure 23 behaves much like simulations performed in the first 

and second set of simulations. The degradation quickly reaches steady state (determined 

by the Michaelis-Menten rate equation and original parameter values for the model) and 

remains constant until the hematite in the system is exhausted. Note that the degradation 

for each simulation drastically decreases when the hematite in the model is exhausted. 

The drop in VC degradation for each simulation in Figure 23 directly relates to the 

respective point in Figure 22 when the hematite is depleted from the system. Similar 

observations were made for the behavior for c/'s-DCE and trans-DCE. Output graphs for 
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contaminant degradation behavior are in Appendix C. The graphs in Appendix C, 

however, incorporate all fifteen simulations performed instead of only the five shown in 

Figures 22 and 23. 

The next set of simulations changes the flow rate through the constructed wetland 

and evaluates the behavior in the iron zone. Twenty-five simulations were performed 

using the model with various flow rates. The description of the simulated runs in Chapter 

Three depicts how the groundwater flow values used in the simulations were calculated. 

An output graph and values table incorporating all twenty-five simulations is found in 

Appendix C. To report and discuss the results of this simulation set, however, five of the 

twenty-five simulation output curves are shown in the following figure. 
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Figure 24. Hematite Depletion with Changing Groundwater Flow. The output 
curves represent the hematite depletion behavior in the system when 
increasing flow rate values are put into the model. 
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Table 10. Values Used in Changing Flow Rate Simulations. Units of the 
flow rate parameters are gal/min. These flow rates incorporate 
the groundwater flow through the system into these 
simulations. 

Input Variable Simulation 
1 2 3 4 5 

Flow rate (gal/min) 78.5 13.10 6.55 4.36 3.14 

The output curves in Figure 24 show that the rate of hematite depletion increases as the 

flow rate through the system increases. In the model, contaminant, hydrogen, and organic 

degradation reactions are assumed to be instantaneous. Therefore, higher flow rates do 

not influence the effectiveness of the degradation processes. As long as hematite is 

available to act as an electron acceptor, the contaminant degradation is only limited by 

Michaelis-Menten equations (specific for each contaminant). The simulation output 

curve for the first simulation (seen in Figure 24) shows the greatest hematite depletion 

rate. The groundwater flow in this simulation has the greatest value of all simulations. 

As the groundwater flow simulation values are decreased (as in simulations 2 through 5), 

the rate of hematite depletion appears to also decrease proportionally. Therefore, with a 

decreased rate of hematite depletion, the hematite remains available in the system for a 

longer period of time. For the simulations performed, the range of time from the 

beginning of model simulation to the point where hematite is exhausted is approximately 

13,000 days to 17,000 days. Though only an estimate, this range identifies the influence 

of groundwater flow on hematite depletion. Compared to other parameters of the system, 

the changing groundwater flow has a moderate influence on the depletion of hematite in 
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the iron zone. Figure 25 shows the output graph for VC behavior associated with the five 

simulations in Figure 24. 
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Figure 25. VC Degradation with Changing Flow Rate Simulations. The flow rate parameter 
values used for each simulation are defined in Table 10. These 
simulations show the VC degradation behavior with increasing flow rate 
values. 

The VC degradation curves quickly reach the steady state level for the system. This level 

is directly influenced by the flow rate through the system. As the output graph shows, the 

level of VC degraded increases (in separate simulations) as the flow rate through the 

wetland increases. After reaching its steady state value, the level of degradation for each 

simulation remains constant until the hematite in the system is exhausted. At this point, 

the degradation rate drastically decreases to a level near zero milligrams per day. Note 

that the drastic decrease takes place earlier in the model simulations for higher flow rates. 

This observation supports the claim that the hematite depletes more rapidly in the system 
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when higher flow rates are simulated. Appendix C contains output graphs for cis-DCE 

and trans-DCE. Behavior of these contaminants is similar to VC degradation in Figure 

25. However, in Appendix C, the output graphs include all twenty-five simulations 

associated with the simulation set. 

The fifth set of simulations changes inflow concentration values for the 

contaminants and hydrogen. With all other parameters held constant, model behavior 

(hematite depletion and contaminant degradation) is evaluated. By simulating changes in 

individual contaminant inflow concentrations by orders of magnitude, the influence on 

the degradation of hematite in the system appears minimal. Output graphs for these 

simulations are in Appendix C. The following figure illustrates VC degradation behavior 

when cis-DCE inflow concentration changes are simulated. 
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Figure 26. VC Degradation with Changing cis-DCE Inflow Concentrations.   The 
cis-DCE inflow concentration value is increased for each of the 5 simulations. 
These output curves show the VC degradation behavior associated with the 
increasing cis-DCE inflow values. 

The VC degradation quickly reaches a steady state level and remains at this level until the 

hematite in the system is exhausted. At that point, the level of contaminant degradation 

falls dramatically to a level near zero milligrams per day. Similar behavior for cis-DCE 

and trans-DCE are found in Appendix C. 

Also, in the fifth simulation set, various hydrogen inflow concentrations were 

simulated. As with the contaminants, the influence of hydrogen on hematite depletion 

and contaminant degradation is minimal. Output graphs of the hydrogen simulations are 

in Appendix C. 

In addition to individual changes to contaminant inflow concentrations, 

simulations with combination parameter values were performed. Values used for each 

combination simulation are available in Appendix C. The simulation output graphs using 
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combination inflow concentration values show that the contaminant inflow concentration 

values have minimal influence on the hematite depletion. The output graphs that support 

these observations are in Appendix C. Additionally, minimum and maximum values for 

each contaminant inflow concentration were entered into the model. As with the 

combination simulations, the minimum and maximum values show minimal influence on 

hematite depletion of the system (refer to Appendix C for output graph). 

In the final set of model simulations, the inflow concentration values for organic 

materials in the system are changed and evaluated. These values are significantly higher 

than the contaminant inflow concentration values. Therefore, parameter changes for the 

organic materials tend to influence more hematite depletion activity in the model. To 

provide results of the simulations in this set, the modeler categorizes the influence each 

organic material's inflow concentration has on the depletion of the hematite. A similar 

categorization was performed for the Vmax parameters in the first set of simulations. 

Refer to Figures 13, 14, and 15 (in this chapter) for examples of minimal, moderate, and 

significant influences on hematite depletion, respectively. Though these figures represent 

the influence of different parameters, the magnitude of influence can be incorporated to 

this set of simulations. For each organic material, five simulations were performed 

changing inflow concentration values. Output graphs and value tables for each 

simulation are found in Appendix C. The influence of each organic material on hematite 

depletion was evaluated by the changed rate of hematite depletion for each simulation. 

As the rate of hematite depletion changed for each simulation, the period of time to the 

depletion of hematite in the system also changed. By evaluating these changes, an 
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approximate range of hematite depletion can be determined for each organic material in 

the system. The following table identifies each organic material and its influence on the 

depletion of hematite in the system. The approximate range of hematite depletion for 

each material is also provided in the table. 

Table 11. Influence of Organic Inflow Concentrations and Approximate 
Range of Hematite Depletion for Each Organic Material 

Material Influence of inflow 
concentration parameter in 

simulations 

Approximate Range of 
Hematite Depletion 

(days) 
low High 

Acetic Acid significant 14000 20000+ 
Formic Acid significant 13000 20000+ 

Propionic Acid moderate 13000 16000 
Butyric Acid moderate 13000 16000 
Lactic Acid moderate 14000 15500 

Ethanol significant 12000 18000 
Methanol significant 10500 16000 

Contaminant degradation steady state values did not change when the organic inflow 

concentrations were changed. The only changes observed in the contaminant degradation 

output graphs were the time periods when the degradation drastically dropped. These 

time periods are associated with the depletion of hematite. In each contaminant 

degradation output graph found in Appendix C, the degradation level dropped at the point 

where the hematite in the system is exhausted. 

Similar to previous simulation sets, ten simulations were performed using 

combinations of the organic inflow concentrations. Chapter Three explains the setup of 

these simulations. The following output graph shows five of the ten simulations 

performed. 
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Figure 27. Hematite Depletion with Combination Organic Inflow Concentrations. 
The organic inflow concentration parameter values used for each 
simulation are defined in Table 12 below. These simulations 
incorporate various combinations of organic inflow concentrations in 
the system. 
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Table 12. Values Used in Combination Simulations, Set 6. Units of the 
inflow concentration parameters are mg/d. 

Input Variable Simulation 
1 2 3 4 5 

Lactic Acid 
Inflow Cone 

(mg/d) 

5 0.05 40.00 0.50 0.01 

Propionic Acid 
Inflow Cone 

(mg/d) 

5 0.05 80 0.5 0.5 

Formic Acid 
Inflow Cone 

(mg/d) 

40 0.1 80 1 25 

Butyric Acid 
Inflow Cone 

(mg/d) 

5 0.05 70 0.5 1 

Acetic Acid 
Inflow Cone 

(mg/d) 

50 0.5 75 5 30 

Ethanol 
Inflow Cone 

(mg/d) 

2 0.01 50 0.1 0.1 

Methanol 
Inflow Cone 

(mg/d) 

2 0.01 10 0.1 0.25 

The combination simulations show different depletion rates for hematite in the system. 

Compared to other parameters in the model, the organic inflow concentration values 

influence the depletion of hematite significantly. When lower values are simulated, the 

reaction rate for hematite tends to decrease resulting in a longer period that hematite is 

available. As with previous simulations, the contaminant degradation behavior is only 

influenced when the hematite is exhausted. In each combination simulation, the 

contaminant degradation output curves quickly reach steady state values and remain 

constant until the hematite in the system is exhausted. Output graphs showing this 

observation are in Appendix C. 
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The final simulations performed set all organic material inflow concentrations at 

minimum and maximum values. The following figure shows the results of these 

simulations. 
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Figure 28. Hematite Depletion with Minimum and Maximum Organic Inflow 
Concentration Values. The organic inflow concentration parameter 
values used for each simulation are defined in Table 13 below. These 
simulations incorporate maximum and minimum organic inflow 
concentrations for the system. 
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Table 13. Values Used in Maximum and Minimum Organic 
Inflow Concentration Simulations. Units of the inflow 
concentration parameters are mg/d. 

Input Variable Simulation 
1                           2 

Lactic Acid 
Inflow Cone 

(mg/d) 

100                       0.1 

Propionic Acid 
Inflow Cone 

(mg/d) 

100                       0.1 

Formic Acid 
Inflow Cone 

(mg/d) 

100                        0.1 

Butyric Acid 
Inflow Cone 

(mg/d) 

100                        0.1 

Acetic Acid 
Inflow Cone 

(mg/d) 

100                        0.1 

Ethanol 
Inflow Cone 

(mq/d) 

100                        0.1 

Methanol 
Inflow Cone 

(mg/d) 

100                        0.1 

Definitions for parameters in the table (Inflow con 1, for example) are in Appendix B. 

Clearly, the organic inflow concentration values significantly influence the depletion of 

hematite in the system. With the concentration values set at maximum levels, the 

hematite is depleted rapidly (in approximately 7000 days). When set to minimum values, 

the hematite depletes minimally. 
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V. Conclusions and Recommendations for Further Studies 

The purpose of this thesis effort was to model, examine, and understand 

biodegradation activity occurring in the iron zone of a multi-layered constructed wetland. 

A system dynamics approach was taken to accomplish the thesis effort. Compared to 

other modeling approaches that focus on analytical techniques, the system dynamics 

approach studied the dynamic relationships between internal components of the system 

mechanistically. 

Conclusions 

Hematite, the form of oxidized iron modeled in this thesis effort, acts as the 

electron acceptor for contaminant degradation and other organic reactions in the iron 

zone. Output graphs of model simulations show that the hematite depletion in the iron 

zone results from influences by the materials flowing through the constructed wetland. 

The organic material reactions (i.e., organic acids and alcohol) influence the hematite 

depletion more than the contaminant degradation processes. In fact, the majority of 

hematite depletion results from organic influence. Simulating changes in the organic 

material reaction rates equations impacted the hematite depletion rate significantly. 

Similar simulations changing contaminant reaction rate components resulted in minimal 

changes to the hematite depletion rate. Therefore, the organic material reactions have 

greater influence on hematite depletion compared with contaminant degradation in the 

model. 

Chapter Four labels each material modeled as having minimal, moderate, or 

significant influence on hematite depletion. Providing sample data for these materials 
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(especially those labeled moderate or significant) will build additional confidence in the 

model output for further implementation. 

One engineer-controlled parameter identified in the model is the amount of 

hematite in the iron zone. Increasing the amount of hematite in the system allows for 

contaminant and organic degradation to continue over a longer period of time. The 

degradation processes in the iron zone continue until the available hematite is exhausted. 

Another engineer-controlled parameter is the flow rate through the system. 

Because reactions in the iron zone are considered instantaneous in the model, higher flow 

rates result in higher physical amounts of contaminants and organics degraded. The 

efficiency of these reactions, however, is not increased with higher flow rates. The level 

of degradation for the contaminants and organics result from individual Michaelis- 

Menten reaction rate equations. Additionally, over similar time periods, simulations with 

higher flow rates through the wetland require more groundwater than the simulations with 

lower flow rates. Therefore, factors such as groundwater supply or containment of 

chlorinated plumes need to be considered when setting the flow rate through the system. 

Model Limitations 

Through all of the model simulations, hematite acts as an electron acceptor for 

degradation processes in the iron zone. The values chosen to represent the amount of 

hematite in the system were based on the percentage of iron (approximated) in the soil. 

The model simulates the depletion of all available hematite in the system; therefore, it 

does not account for any hematite that may not be available (due to physical properties or 

other unique conditions of the soil) for biodegrading activities. Literature addresses the 
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proposed issue of bioavailability of oxidized iron (i.e., hematite). For this thesis effort, 

however, these issues are not incorporated into the model. 

Secondly, biomass growth and death rates are not included in the model. Instead, 

the model incorporates an assumption that biomass levels through the simulation 

accommodate maximum reaction rate equation levels for each material in the system. 

When the simulations begin, model output shows an immediate increase for contaminant 

degradation to its steady state level. With accountability for biomass growth, however, 

the degradation rates would be limited in the initial parts of the simulations by the growth 

of the biomass in the system. 

Lastly, many parameters used in the model simulations had no sample data and 

limited literature support. One of the limited literature sources that provided appropriate 

parameter values for the model in this thesis effort was Bradley and Chapelle (1997). The 

authors reported a value for VC Vmax under Fe Ill-reducing laboratory conditions. 

Assuming the value does not change significantly when subjected to the natural 

environment, the modeler incorporated the value from Bradley and Chapelle (1997) into 

the model. For parameters not addressed in the literature, the modeler simulated wide 

ranges of values to evaluate changing behavior of the model. 

Recommendations for Further Study 

The model constructed in this thesis effort could benefit by adding a biomass 

sector into the model. This sector represents behavior of the biomass in the system 

including applicable growth and death rates. The existing model does not account for 

biomass levels in the system; it simply assumes that ample biomass exists throughout the 
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system to support degradation activity as defined by individual Michaelis-Menten 

reaction equations for each material. Further study can incorporate biomass kinetics and 

their limit on contaminant degradation during growth of the biomass (initial part of the 

simulations). 

A second recommendation is to sample the wetland constructed in the United 

States Air Force project. The sampling data will provide better approximations for 

material concentrations in the model. For the existing model, material concentration 

values were formed from limited literature sources and general knowledge about each 

material. Therefore, by using the sampling data from the operating constructed wetland, 

confidence in the model is gained. Additionally, by sampling the actual constructed 

wetland, confidence in the chemical composition of the iron zone is gained. Any material 

(i.e., organic acids or forms of alcohol) discovered in significant concentrations can be 

evaluated for incorporation into the model. 

Further development of Vmax and Km parameters will also benefit the model. 

Currently, limited data supports the values used for these parameters in the model. 

Additional lab work focusing on the specific materials modeled under the soil conditions 

in the constructed wetland will provide better approximations for these parameters and 

build confidence in the model. 

Representing every reaction in the complex, dynamic iron zone is unrealistic. 

Therefore, the reactions in this thesis effort represent the significant degrading processes 

of the system. Numerous other reactions, not represented in the model, may influence the 

hematite depletion or contaminant degradation in the iron zone. Further study can 
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evaluate the impact of reactions in the iron zone that are not represented in the model. If 

appropriate, the additional study can expand the model's system boundary to incorporate 

the impact of additional reactions. 

A final recommendation is to incorporate the existing model with other models 

representing the entire constructed wetland. Recall that this thesis effort studied one layer 

of a three-layered system. By combining the models from other research efforts with this 

thesis effort, an increased understanding of the wetland results. The combined model 

then can serve as a tool for evaluating future remediation efforts by using constructed 

wetlands. 

Final Assessment of the Thesis Effort 

Bioremediation within the iron zone of a constructed wetland involves extremely 

complex processes. The reactions and relationships that drive the bioremediation are 

dynamic. Therefore, an ideal approach to studying the behavior in the iron zone is using 

a system dynamics model. The system dynamics paradigm yields insight into the 

behavior and interrelationships of the overall system. By constructing the model and 

running simulations, the modeler begins to understand the complexity of the interactions 

and interdependencies that encompass the system. 

The system dynamics approach focuses on the behavior and relationships of all 

parameters in the system. Therefore, this approach is favored over other modeling 

techniques that evaluate only one influential parameter in the system. After building 

confidence in the system dynamics model, specific parameters can be optimized to 

maximize bioremediation benefits of the constructed wetland. 
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Appendix A - Model in Sectors 
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dSTjD Contaminant Degradation 8 
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dS>g) Propionic Acid 6 
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Appendix B - STELLA Parameter Descriptions 

Model Equations 

Acetic Acid 
Ace_in_Fe_Zn(t) = Ace_in_Fe_Zn(t - dt) + (Lact_to_Ace + Prop_to_Ace + But_to_Ace + 
InflowAcetoFeZn - AcetoHCO - OutflowAceJoRZ) * dt 
INIT Ace_in_Fe_Zn = 0 

INFLOWS: 
LacttoAce        (IN SECTOR: Lactic Acid) 
ProptoAce       (IN SECTOR: Propionic Acid) 
But_to_Ace (IN SECTOR: ButryicAcid) 
Inflow_Ace_to_Fe_Zn = Conv_for_units*Flow_Thr_Wetld*Inflow_con_5 
OUTFLOWS: 
AcetoHCO(o) = 
(Ace_Vmax*Conc_Ace_in_Fe_Zn*Conc_Hematite)/((Ace_Km+Conc_Ace_in_Fe_Zn)*(Conc_Hematite+F 

e_Km)) 
Outflow_Ace_to_RZ = Conc_Ace_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
AcetoH = Ace_to_HCO*Conv_Ace_to_H 

INFLOW TO: Hydrogen_ion_in_Fe_Zn    (IN SECTOR: Hydrogen Ion) 
Ace_Km = 2 
DOCUMENT: SeeethanolKm 

Ace_Vmax = 40000 
DOCUMENT: See ethanol Vmax 

Conc_Ace_in_Fe_Zn = (Ace_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
Conv_Ace_to_H = (8*l)/(Stoic_Ace_to_H*60) 
Conv_Ace_to_HCO = (2*61)/(Stoic_Ace_to_HCO*60) 
Inflow_con_5 = 10 
StoicAcetoH = 1 
Stoic_Ace_to_HCO = 1 

Bicarbonate 
BicarbonateinFeZn(t) = Bicarbonate_in_Fe_Zn(t - dt) + (FormtoHCO + Ace_to_HCO + 
InflowHCO - Outflow_HCO_to_RZ) * dt 
INIT Bicarbonate_in_Fe_Zn = 0 

INFLOWS: 
FormtoJHCO    (IN SECTOR: Formic Acid) 
Ace_to_HCO      (IN SECTOR: Acetic Acid) 
InflowHCO = Conv_for_units*Flow_Thr_Wetld*Inflow_con_HCO 

OUTFLOWS: 
Outflow_HCO_to_RZ = Conc_HCO_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
Conc_HCO_in_Fe_Zn = (Bicarbonate_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
InflowconHCO = 0.05 

Butyric Acid 
But_in_Fe_Zn(t) = But_in_Fe_Zn(t - dt) + (InflowBut - But_to_C02 - OutflowButJoRZ) * dt 
INIT But in Fe Zn = 0 
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INFLOWS: 
Inflow_But = Conv_for_units*Flow_Thr_Wetld*Inflow_con_4 

OUTFLOWS: 
But_to_C02(o) = 
(But_Vmax*Conc_But_m_Fe_Zn*Conc_Hematite)/((But_Km+Conc_But_in_Fe_Zn)*(Fe_Km+Conc_Hem 

atite)) 
Outflow_But_to_RZ = Conc_But_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
But to Ace = But to C02*Conv But to Ace 

INFLOW TO: Ace_in_Fe_Zn       (IN SECTOR: Acetic Acid) 
But to H2 = But to C02*Conv But to H2 

INFLOW TO: Hydrogen_in_Fe_Zn (IN SECTOR: Hydrogen) 
But_Km = 2 
DOCUMENT: See ethanol Km 

BirtVmax = 35000 
DOCUMENT: See ethanol Vmax 

Conc_But_in_Fe_Zn = (But_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
Conv_But_to_Ace = (l*60)/(Stoic_But_to_Ace*88) 
Conv_But_to_C02 = (2*44)/(Stoic_But_to_C02*88) 
Conv_But_to_H2 = (5*2)/(Stoic_But_to_H2*88) 
Inflow_con_4 = .75 
Stoic_But_to_Ace = 1 
Stoic_But_to_C02 = 1 
Stoic_But_to_H2 = 1 

O02 
C02_in_Fe_Zn(t) = C02_in_Fe_Zn(t - dt) + (Mineralization[Contaminants] + MineralizationfVC] + 
Mineralization[cDCE] + Mineralization[tDCE] + Inflow_C02 + Eth_to_C02 + Meth_to_C02 + 
Lact_to_C02 + Prop_to_C02 + But_to_C02 - Outflow_C02_to_RZ) * dt 
INIT C02_in_Fe_Zn = 0 

INFLOWS: 
Mineralization[Contaminants] (IN SECTOR: Contaminant Degradation) 
Inflow_C02 = Conv_for_units*Flow_Thr_Wetld*Inflow_Conc_C02 
Eth_to_C02        (IN SECTOR: Ethanol) 
Meth_to_C02     (IN SECTOR: Methanol) 
Lact_to_C02       (IN SECTOR: Lactic Acid) 
Prop_to_C02      (IN SECTOR: Propionic Acid) 
But_to_C02        (IN SECTOR: ButryicAcid) 

OUTFLOWS: 
Outflow_C02_to_RZ = Conc_C02_m_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
Conc_C02_in_Fe_Zn = (C02_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
Inflow Cone C02 = 0.05 
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Contaminant Degradation 
Cl(t) = Cl(t - dt) + (Inflow_Cl + Cl_created_miner - OutflowClJoRZ) * dt 
INIT Cl = 0 

INFLOWS: 
InflowCl = Conv_for_units*Flow_Thr_Wetld*Inflow_Cl_Conc 
Clcreatedminer = 
Mineralization[VC]*Conv_cont_Cl[VC]+Mineralization[cDCE]*Conv_cont_Cl[cDCE]+Mineralization[tD 

CE]*Conv_cont_Cl[tDCE] 

OUTFLOWS: 
Outflow_Cl_to_RZ = Conc_Cl*Conv_for_units*Flow_Thr_Wetld 
Contaminant[Contaminants](t) = Contaminant[Contaminants](t - dt) + (Cont_into_Fe_Zn[Contaminants] - 
MineralizationfContaminants] - Outflow_contJo_RZ[Contaminants]) * dt 
INIT ContaminantfContaminants] = 0 
DOCUMENT: Initial value of contaminants in the Fe Zone is 0. Units are mg. 

INFLOWS: 
Cont_mto_Fe_Zn[Contaminants] = Conv_for_units*Flow_Thr_Wetld*Inflow_conc[Contaminants] 
DOCUMENT: Gives the amount of contaminant entering the Fe Zone. Units are mg/day 

OUTFLOWS: 
MineralizationfContaminants] (o) = 
(Cont_Vrmx[Contaminants]*Cont_Conc_in_Fe_Zn[Contaminants]*Conc_Hematite)/((Cont_Km[Contamin 
ants]+Cont_Conc_in_Fe_Zn[Contaminants])*(Fe_Km+Conc_Hematite)) 
OutflowconttoRZfContaminants] = 
Cont_Conc_in_Fe_Zn[Contarninants]*Conv_for_units*Flow_Thr_Wetld 
DOCUMENT: Allows for a pathway other than mineralization. This flow is the amount of contaminants 
that flow to the root zone. 

ConttoH = 
Mineralization[VC]*Conv_cont_H[VC]+Mineralization[cDCE]*Conv_cont_H[cDCE]+Mineralization[tDC 
E]*Conv_cont_H[tDCE] 

INFLOW TO: HydrogenioninFeZn    (IN SECTOR: Hydrogen Ion) 
Conc_Cl = (Cl/Fe_Zone_Water_Vol)*Conv_to_L 
Cont_Conc_m_Fe_Zn[Contarrunants] = (Contaminant[Contaminants]/Fe_Zone_Water Vol)*Conv_to_L 
Cont_Km[VC] = 0.0806 
DOCUMENT: Values found in Lovley 1997, units are mg/L. 

Cont_Km[cDCE] = 0.096 
DOCUMENT: See documentation for VC 

Cont_Km[tDCE] = 0.096 
DOCUMENT: See documentation for VC 

Cont_Vmax[VC] = 7000 
DOCUMENT: VC values found in Lovley 1997. Units are mg/d. Values for DCE isomers taken from 
Hoefar's model. The original value given by Lovley is multiplied by the amount of liters in the iron zone. 
This comes out to be 356.79 mA3*0.4(porosity)*1000L/mA3(conversion) = 142716.9 L 
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Cont_Vmax[cDCE] = 5000 
DOCUMENT: See documentation for VC 

Cont_Vmax[tDCE] = 5000 
DOCUMENT: See documentation for VC 

Conv_2[VC] = (2*44)/(Stoic_to_C02[VC]*62) 
DOCUMENT: Stoic of C02*MW C02/Stoic of VC*MW VC 

Conv_2[cDCE] = (2*44)/(Stoic_to_C02[cDCE]*96) 
Conv_2[tDCE] = (2*44)/(Stoic_to_C02[tDCE]*96) 
Conv_cont_Cl[VC] - (l*35)/(Stoic_cont_Cl[VC]*62) 
Conv_cont_Cl[cDCE] = (2*35)/(Stoic_cont_Cl[cDCE]*96) 
Conv_cont_Cl[tDCE] = (2*35)/(Stoic_cont_Cl[tDCE]*96) 
Conv_cont_H[VC] = (8*l)/(Stoic_cont_H[VC]*62) 
Conv_cont_H[cDCE] = (8*l)/(Stoic_cont_H[cDCE]*96) 
Conv_cont_H[tDCE] = (8*l)/(Stoic_cont_H[tDCE]*96) 
Conv_for_units=1000 
DOCUMENT: Converts initial cone (mg/L) and groundwater flow (mA3/day) into mg/day 

Conv_to_L = 0.001 
DOCUMENT: 0.001mA3/L 

Fe_Km = 2 
Inflow_Cl_Conc = 0.00001 
DOCUMENT: Units are mg/L. Value chosen as a very small concentration value entering the iron zone. 
This minute amount is a product of reductive dechlorination in the methanogenic zone. 

Inflow_conc[VC]=0.01 
DOCUMENT: Value estimated from Hoefar's model with PCE value of 0.05 mg/1 entering the constructed 
wetland system. Units are mg/L 

Inflow_conc[cDCE] = 0.015 
DOCUMENT: Value estimated from Hoefar's model with 0.05 mg/1 PCE entering the constructed 
wetland. Units are mg/L 

Inflow_conc[tDCE] = 0.005 
DOCUMENT: Value estimated from Hoefar's model with 0.05 mg/L PCE entering constructed wetland... 
units are mg/1 

Stoic_cont_Cl[VC] = 1 
Stoic_cont_Cl[cDCE] = 1 
Stoic_cont_Cl[tDCE] = 1 
Stoic_cont_H[VC] = 1 
Stoic_cont_H[cDCE] = 1 
Stoic_cont_H[tDCE] = 1 
Stoic_to_C02[VC] = 1 
Stoic_to_C02[cDCE] = 1 
Stoic_to_C02[tDCE] = 1 
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Ethanol 
Eth_in_Fe_Zn(t) = Eth_in_Fe_Zn(t - dt) + (Inflow_Eth_to_Fe_Zn - Outflow_eth_to_RZ - EthJo_C02) * 

dt 
INITEth_in_Fe_Zn = 0 

INFLOWS: 
Inflow_Eth_to_Fe_Zn = Inflow_conc_6*Flow_Thr_Wetld*Conv_for_units 

OUTFLOWS: 
Outflow_eth_to_RZ = Conc_Eth_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 

Eth_to_C02(o) = 
(Eth_Vmax*Conc_Eth_in_Fe_Zn*Conc_Hematite)/((Conc_Eth_in_Fe_Zn+Eth_Km)*(Conc_Hematite+Fe_ 

Km)) 
Eth to H = Eth to C02*Conv Eth_H 

INFLOW TO: Hydrogen_ion_in_Fe_Zn    (IN SECTOR: Hydrogen Ion) 
Conc_Eth_in_Fe_Zn = (Eth_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
ConvJEth_C02 = (2*44)/(Stoic_Eth_C02*46) 
Conv_Eth_H = (10*l)/(Stoic_Eth_H*46) 
Eth_Km = 2 
DOCUMENT: Found using Fennel and Gossett values. Units are mg/L. 

Eth_Vmax = 35000 
DOCUMENT: Found by using value from Fennel and Gossett. Assumed value of biomass as slightly less 
than 1% of mass in Fe zone (2.5xlOA10 mg). Then, for conversion, 24 h/day, 1 mol/ 10A6 umol, MW/1 
mol, 1000 mg/g. Units are mg/d. 

Inflow_conc_6 = 1 
Stoic_Eth_C02 = 1 
StoicEthH = 1 

Fe3+ reduction to Fe2+ 
Fe3_Hematite(t) = Fe3_Hematite(t - dt) + (- ReductionContribution) * dt 
INIT Fe3_Hematite = 4500000000 

DOCUMENT: This number found by taking volume of Fe Zone (356.79 mA3) and multiplying by 2.5 
Mg/mA3 (a general value for density of soil - recommended by Dr Shelley in second committee meeting). 
This value is then multiplied by .5% (0.005) in order to figure the approximate amount of hematite in the 
soil. The value given is in mg. 

OUTFLOWS: 
ReductionContribution(o) = 
Mineralization[VC]*Conv_5+Mineralization[cDCE]*Conv_6+Mineralization[tDCE]*Conv_7+H2_to_H*C 
onv_8+Ace_to_HCO*Conv_9+Form_to_HCO*Conv_10+Prop_to_CO2*Conv_ll+But_to_CO2*Conv_12 
+Lact_to_C02*Conv_13+Eth_to_C02*Conv_14+Meth_to_C02*Conv_15 
FeOH2(t) = FeOH2(t - dt) + (Reduction_Contribution) * dt 
INIT FeOH2 = 1125000000 

DOCUMENT: This value is the initial amount of Fe(OH)2 in the soil. It was found as 1/4 of the amount of 
hematite initially found in the soil. Units are mg. 

113 



INFLOWS: 
Conv_l=(2*90)/(1*160) 
DOCUMENT: Unit conversion between hematite and Fe(OH)2. Units are unitless. Conversion is found 
by multiplying the number of moles of Fe(OH)2 by the molecular weight and dividing by the number of 
moles of hematite by the molecular weight. Because the number of moles is identical for all reactions in 
this thesis effort, the unit conversion can be used. 

ConcHematite = (Fe3_Hematite/Fe_Zone_Volume)*Conv_to_L 
Conv_l=(2*90)/(1*160) 
DOCUMENT: Unit conversion between hematite and Fe(OH)2. Units are unitless. Conversion is found 
by multiplying the number of moles of Fe(OH)2 by the molecular weight and dividing by the number of 
moles of hematite by the molecular weight. Because the number of moles is identical for all reactions in 
this thesis effort, the unit conversion can be used. 

Fe_Zone_Volume = 356.7922506 

Formic Acid 
Form_in_Fe_Zone(t) = Form_in_Fe_Zone(t - dt) + (Inflow_Form - FormtoHCO - OutflowformtoRZ) 
*dt 
INIT Form_in_Fe_Zone = 0 

INFLOWS: 
Inflow_Form = Conv_for_units*Flow_Thr_Wetld*Inflow_con_3 

OUTFLOWS 
Form_to_HCO(o) = 
(Fomi_Vrrmx*Conc_Fomi_m_Fe_Zn*Conc_Hematite)/((Form_Km+Conc_Form_in_Fe_Zn)*(Fe_Km+Con 

c_Hematite)) 
Outflow_form_to_RZ = Conc_Form_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
Form to H = Form to HCO*Conv form to H 

INFLOW TO: Hydrogen_ion_in_Fe_Zn    (IN SECTOR: Hydrogen Ion) 
ConcForminFeZn = (Form_in_Fe_Zone/Fe_Zone_Water_Vol)*Conv_to_L 
ConvJbrmtoH = (l*l)/(Stoic_form_to_H*46) 
Conv_Form_to_HCO = (l*61)/(Stoic_Form_to_HCO*46) 
Form_Km = 2 
DOCUMENT: SeeethanolKm 

Form_Vmax = 40000 
DOCUMENT: See ethanol Vmax 

Inflow_con_3 = 5 
StoicformtoH = 1 
StoicFormtoHCO = 1 

Hydrogen 
Hydrogen_in_Fe_Zn(t) = Hydrogen_in_Fe_Zn(t - dt) + (H2_into_Fe_Zn + Prop_to_H2 + But_to_H2 - 
Outflow_H2_to_RZ - H2_to_H) * dt 
INIT Hydrogen_in_Fe_Zn = 0.125 

DOCUMENT: Initial value must be larger than zero in order for Fe reduction to take place. Assume that 
the concentration of H2 in the Fe Zone behaves in accordance with Lovley, 1994 paper. 
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INFLOWS: 
H2_into_Fe_Zn = Conv_for_units*Flow_Thr_Wetld*Inflow_conc_H2 
Prop_to_H2 (IN SECTOR: Propionic Acid) 
But_to_H2 (IN SECTOR: ButryicAcid) 

OUTFLOWS: 
Outflow_H2_to_RZ = Conv_for_units*Flow_Thr_Wetld*H2_conc_in_Fe_Zn 
H2_to_H = 
((H2_Vmax*H2_conc_in_Fe_Zn*Conc_Heimtite)/((H2_Km+H2_conc_in_Fe_Zn)*(Fe_Km+Conc_Hemat 
ite)))*Conv_H2_H 
Conv_H2_H = (2*l)/(Stoic_H2_H*2) 
H2_conc_in_Fe_Zn = (Hydrogen_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
H2_Km = 2 
H2_Vmax= 15000 
DOCUMENT: Value estimated from concentration value given in Lovley, 1994 of 0.2 nM and flow 
through wetland with appropriate conversions. Units are mg/d 

Inflow_conc_H2 = 0.0000004 
DOCUMENT: Units are mg/L. . .Values comes from Lovley 1994 H2 concentrations of .2 nM. Units are 
converted to mg/L using 2 g H2/mol H2 and 1000 mg/g 

Stoic_H2_H = 2 

Hydrogen Ion 
Hydrogen_ion_in_Fe_Zn(t) = Hydrogen_ion_in_Fe_Zn(t - dt) + (ConttoJH + InflowH + EthtoH + 
MethtoJH + Form_to_H + Ace_to_H + H2_to_H - Outflow_H_to_RZ) * dt 
INIT Hydrogen_ion_inJFe_Zn = 0 

INFLOWS: 
Cont_to_H (IN SECTOR: Contaminant Degradation) 
Inflow_H = Conv_for_units*Flow_Thr_Wetld*Inflow_conc_H 
Eth_to_H (IN SECTOR: Ethanol) 
Meth_to_H (IN SECTOR: Methanol) 
FormtoH (IN SECTOR: Formic Acid) 
AcetoH (IN SECTOR: Acetic Acid) 
H2_to_H (IN SECTOR: Hydrogen) 

OUTFLOWS: 
Outflow_H_to_RZ = Conc_H_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
Conc_H_in_Fe_Zn = (Hydrogen_ion_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
Inflow_conc_H = 0.001 

Lactic Acid 
Lactic_Acid_in_Fe_Zn(t) = Lactic_Acid_in_Fe_Zn(t - dt) + (InflowLact - Lact_to_C02 - 
Outflow_Lact_to_RZ) * dt 
INIT Lactic_Acid_in_Fe_Zn = 0 

INFLOWS: 
InflowLact = Conv_for_units*Flow_Thr_Wetld*Inflow_con_l 
Lact_to_C02(o) = 
(Lact_Vmax*Lact_conc_in_Fe_Zn*Conc_Hematite)/((Lact_Km+Lact_conc_in_Fe_Zn)*(Conc_Hematite+ 
FeKm)) 
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OUTFLOWS: 
Outflow_Lact_to_RZ = Conv_for_units*Flow_Thr_Wetld*Lact_conc_in_Fe_Zn 
Lact to Ace = Lact to C02*Conv Lact to Ace 

INFLOW TO: Ace_in_Fe_Zn       (IN SECTOR: Acetic Acid) 
Lact_to_Prop = Lact_to_C02*Conv_Lact_to_Prop 

INFLOW TO: PropionicAcidinFeZn (IN SECTOR: Propionic Acid) 
Conv_Lact_C02 = (l*44)/(Stoic_Lact_CO2*90) 
Conv_Lact_to_Ace = (l*60)/(Stoic_Lact_to_Ace*90) 
ConvLacttoJProp = (l*74)/(Stoic_Lact_to_Prop*90) 
Inflow_con_l = .75 
Lact_conc_in_Fe_Zn = (Lactic_Acid_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
LactKm = 2 
DOCUMENT: See ethanol Km 

LactVmax = 35000 

Stoic_Lact_C02 = 2 
Stoic_Lact_to_Ace = 2 
StoicLacttoProp = 2 

Methanol 
Meth_in_Fe_Zn(t) = Meth_in_Fe_Zn(t - dt) + (Inflow_Meth_to_Fe_Zn - OutflowMethtoRZ - 
Meth_to_C02) * dt 
INIT Meth_in_Fe_Zn = 0 

INFLOWS: 
Inflow_Meth_to_Fe_Zn = Conv_for_units*Flow_Thr_Wetld*Inflow_conc_7 

OUTFLOWS: 
Outflow_Meth_to_RZ = Conc_Meth_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
Meth_to_C02(o) = 
(Meth_Vimx*Conc_Meth_in_Fe_Zn*Conc_Hemati 
cHematite)) 
Meth to H = Meth to C02*Conv Meth H 

INFLOW TO: Hydrogen_ion_in_Fe_Zn    (IN SECTOR: Hydrogen Ion) 
ConcMethinFeZn = (Meth_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
Conv_Meth_C02 = (l*44)/(Stoic_Meth_C02*32) 
Conv_Meth_H = (4*l)/(Stoic_Meth_H*32) 
Inflow_conc_7 = .5 
Methjtm = 2 
DOCUMENT: See ethanol Km 

Meth_Vmax = 35000 
DOCUMENT: See ethanol Vmax 

Stoic_Meth_C02 = 1 
Stoic Meth H = 1 
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Parameters for Model 
Conversion = 5.45 
DOCUMENT: This conversion takes the given flow rate (in gal/min) and converts it into mA3/day. 
Conversion is as follows: 60 min/1 hr*24 hr/day*0.003785412mA3/gal. 

ConvlO = (l*160)/(Stoic_Fe_Form*46) 
Convjl = (l*160)/(Stoic_Fe_Prop*74) 
Conv_12 = (l*160)/(Stoic_Fe_But*88) 
Conv_13 = (l*160)/(Stoic_Fe_Lact*90) 
Conv_14 = (l*160)/(Stoic_Fe_Eth*46) 
Conv_15 = (l*160)/(Stoic_Fe_Meth*32) 
Conv_5 = (l*160)/(Stoic_Fe_VC*62) 
Conv_6 = (l*160)/(Stoic_Fe_cDCE*96) 
Conv_7 = (l*160)/(Stoic_Fe_tDCE*96) 
Conv_8 = (l*160)/(Stoic_Fe_H2*2) 
Conv_9 = (l*160)/(Stoic_Fe_Ace*60) 
CWSurfaceArea = 780.3855 
DOCUMENT: Area of constructed wetlands in meters squared 

FeZoneDepth = 0.4572 
DOCUMENT: Iron Zone depth in meters 

Fe_Zone_Porosity = 0.4 
DOCUMENT: Taken from discussion in second committee meeting (range between 0.3 and 0.5). 

Fe_Zone_Water_Vol = CW_Surface_Area*Fe_Zone_Depth*Fe_Zone_Porosity 
DOCUMENT: Units are cubic meters 

Flow rate =10.5 
Flow_Thr_Wetld = Flow rate*Conversion 
DOCUMENT: Based on a 10.5 gallon per minute flow rate which gives a value for the retention time half 
way between what is desired (according to Dr Shelley) of 5 and 15 days.. .flow is mA3/day (by conversion 
factor). 

Stoic_Fe_Ace = 1 
StoicFeBut = 1 
Stoic_Fe_cDCE = 1 
StoicFeEth = 1 
Stoic_Fe_Form = 1 
Stoic_Fe_H2 = 2 
StoicFeJLact = 2 
StoicFeMeth = 1 
Stoic_Fe_Prop = 1 
Stoic_Fe_tDCE = 1 
Stoic_Fe_VC = 1 

Propionic Acid 
Propionic_Acid_in_Fe_Zn(t) = Propionic_Acid_in_Fe_Zn(t - dt) + (LacttoProp + InflowProp - 
Prop_to_C02 - OutflowProptoRZ) * dt 
INIT Propionic_Acid_in_Fe_Zn = 0 

INFLOWS: 
Lact_to_Prop      (IN SECTOR: Lactic Acid) 
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InflowProp = Conv_for_units*Flow_Thr_Wetld*Inflow_con_2 

OUTFLOWS: 
Prop_to_C02(o) = 
(Prop_Vmax*Conc_Prop_in_Fe_Zn*Conc_Hematite)/((Prop_Km+Conc_Prop_in_Fe_Zn)*(Fe_Km+Conc_ 
Hematite)) 
Outflow_Prop_to_RZ = Conc_Prop_in_Fe_Zn*Conv_for_units*Flow_Thr_Wetld 
Prop_to_Ace = Prop_to_C02*Conv_Prop_to_Ace 

INFLOW TO: Ace_in_Fe_Zn       (IN SECTOR: Acetic Acid) 
Prop_to_H2 = Prop_to_C02*Conv_Prop_to_H2 

INFLOW TO: Hydrogen_in_Fe_Zn (IN SECTOR: Hydrogen) 
Conc_Prop_in_Fe_Zn = (Propionic_Acid_in_Fe_Zn/Fe_Zone_Water_Vol)*Conv_to_L 
Conv_Prop_C02 = (l*44)/(Stoic_Prop_C02*74) 
Conv_Prop_to_Ace = (l*60)/(Stoic_Prop_to_Ace*74) 
Conv_Prop_to_H2 = (l*2)/(Stoic_Prop_to_H2*74) 
Inflow_con_2 = 1 
PropKm = 2 
DOCUMENT: SeeethanolKm 

PropVmax = 35000 
DOCUMENT: See ethanol Vmax 

Stoic_Prop_C02 = 1 
Stoic_Prop_to_Ace = 1 
Stoic_Prop_to_H2 = 1 
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Appendix C: Model Output Graphs for All Simulations 

Key for this Appendix 
Degradation of hematite in units of mg 

Contaminant mineralization in units of mg/d 
Vmax in units of mg/d 
Km in units of mg/L 

X axis on graphs are in units of days (as marked) 
Inflow parameters in mg/day 

Flow rate parameters in gal/min 
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Vmax Values used for Changing VC Simulations (Runs) 
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1: 200.00n  

: Minerailzationn.. 

100.00' 

0.00' 
0.00 5000.00 10000.00 

But Changing Vmax: p4 (tDCE d...    Days 

15000.00 20000.00 

6:43 PM   Mon, Dec 18, 2000 

trans-DCE Behavior - Simulation Set 1, Changing Butryic Acid Vmax 
Setup #7 don, Dec 18, 2000 6:40 PM 

Input Variables 

Run# But Vmax 

1 
2 
3 
4 
5 

10.0 
1000 
10000 
100000 
520000 

Vmax Values used for Changing Butryic Acid Simulations (Runs) 
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Jm   1: Fe3 Hematite          2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 5: Fe3 Hematite 

1: 5e+009.-i -   — 

2.5e+009- 

0.00' 

X %-, 

0.00 

^ 
V* 

^, 

v^ 
"N;X 

tV, 
VS V> W 

\v 
5000.00 10000.00 15000.00 20000.00 

6:25 PM   Mon, Dec 18, 2000 \ I Q ^iS* * Changing Lactic Vmax: p1 (Hem...    Days 

Hematite Behavior - Simulation Set 1, Changing Lactic Acid Vmax 

J9   1: Mineralization[VC]   2: Mineralization[VC]   3: Mineraiization[VC]   4: Mineralizaticmfv'C] 

1: 400.00-t       - 

200.00- 

0.00' 
0.00 5000.00 10000.00 

^sTlQl^j^''"        *?        Changing Lactic Vmax: p2(VCd...   Days 

r~T 

15000.00 20000.00 

6:25 PM   Mon, Dec 18, 2000 

VC Behavior - Simulation Set 1, Changing Lactic Acid Vmax 
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P»   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizaticn[c...    A: Minera!!zation[c...    5: Minaraüza 

1: 500.00 

250.00 

0.00 

*H.   ' \ 

•    — -    

0.00 5000.00 10000.00 

■\ I Q ^jf'* f Changing Lactic Vmax: p3(cDC...    Days 

15000.00 20000.00 

6:25 PM   Mon, Dec 18, 2000 

cw-DCE Behavior - Simulation Set 1, Changing Lactic Acid Vmax 

"&*   1: Mineralization[t...     2: Mineralization[t...     3: MineraIization[t...     4: Mineral!zation[1.. 

1: 200.00- 

100.00 

0.00 
0.00 5000.00 10000.00 

ij\~] Q ^if"        *f        Changing Lactic Vmax: p4(tDCE...   Days 

15000.00 20000.00 

6:25 PM   Mon, Dec 18, 2000 

trans-DCE Behavior - Simulation Set 1, Changing Lactic Acid Vmax 
Setup #5 Mon, Dec 18, 2DD0 6:21 PM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

La ct Vmax 

10.0 
1000 
10000 
100000 
52DD00 

Vmax Values used for Changing Lactic Acid Simulations (Runs) 
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JB   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

1: 5e+009.-r 

2.5e+009- 

0.00 
0.00 5000.00 10000.00 

Ethanol changing Vmax: p1 (He...     Days 

15000.00 20000.00 

6:55 PM   Mon, Dec 18, 2000 N6&/J    ? 
Hematite Behavior - Simulation Set 1, Changing Ethanol Vmax 

JSf   1: Mineralization[VC]   2: Mineralization[VC]   3: Minera!ization[VC]   4: Minera!!zaiion[VC] 

1: 400.00- 

200.00 

0.00 
0.00 

■ -----   

  - - 

'i 
I 
I 

' 

■ 

. ,-. „,,.„. ..,,r  

5000.00 10000.00 15000.00 20000.00 

6:55 PM   Mon, Dec 18, 2000 ^JQ^^''"        *?        Ethanol changing Vmax: p2(VC...   Days 

VC Behavior - Simulation Set 1, Changing Ethanol Vmax 
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J9   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizationfc...    4: Mineralizationfc neraüzatioi* 

1: 250.00 

0.00 

  

;    "V; 

^ 

0.00 5000.00 10000.00 15000.00 20000.00 

6:55 PM   Mon, Dec 18, 2000 XI Q ^fS'* ? Ethanolchanging Vmax: p3(cDC...   Days 

cis-DCE Behavior - Simulation Set 1, Changing Ethanol Vmax 

ßr   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t.. 

1: 200.00T-    

4: Miners!iZanon[i 5 fvi 

100.00- 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

6:55 PM   Mon, Dec 18, 2000 \n Q ^}f'~        *?        Ethanol changing Vmax: p4(tDC...   Days 

trans-DCE Behavior - Simulation Set 1, Changing Ethanol Vmax 

Setup #8 Mon, Dec 18, 2000 6:51 PM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Elh Vmax 

10.0 
1000 
10000 
100000 
540000 

Vmax Values used for Changing Ethanol Simulations (Runs) 
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p0   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

1: 5e+009.-j 

D r e^ Hematic 

2.5e+009- 

0.00 
0.00 5000.00 10000.00 

\ I Q ^S'~        ?        Methanol changing Vmax: p1 (He...  Days 

15000.00 20000.00 

7:02 PM   Mon, Dec 18, 2000 

Hematite Behavior - Simulation Set 1, Changing Methanol Vmax 

ßt   1: Mineraiization[VC]   2: Mineralization[VC]   3: Minera!!zation[VC]   4; MinersüzaiiosWC] 

1: 400.00- 

-1 2—3—4—5- -1 2 3 4 -5  

    
200.00" 

  

0.00 5000.00 10000.00 

^STlQl^j^''"        ?        Methanol changing Vmax: p2(VC... Days 

15000.00 20000.00 

7:02 PM   Mon, Dec 18, 2000 

VC Behavior - Simulation Set 1, Changing Methanol Vmax 
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1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Minera!!zation[c...    S: Mlnaraüzationfc. 

1:               500.00 • 
'Ti 

  _ 

1:               250.00- 

  -     

■,,,~ 

1:                   0.00- 
0.00 5000.00 10000.00 

?\ I ft $=HJf'~        V        Methanol changing Vmax: p3(cD...  Days 

15000.00 20000.00 

7:02 PM   Mon, Dec 18, 2000 

c/s-DCE Behavior - Simulation Set 1, Changing Methanol Vmax 

™   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization]!..     4: Minersllzationp..      5: Mlrssrsüzaiion} 

1: 200.00 

100.00- 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

^\]fi^y';"        "?        Methanol changing Vmax: p4 (tD...   Days 7:02 PM   Mon, Dec 18,2000 

trans-DCE Behavior - Simulation Set 1, Changing Methanol Vmax 

Setup #9 Mon, Dec 18, 2000 6:58 PM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Meth Vmax 

10.0 
1000 
10000 
100000 
500000 

Vmax Values used for Changing Methanol Simulations (Runs) 
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J9   1-10: Fe3 Hematite 

1: 5e+009.- 

————_.. 
——^_ 

^   \X\ 
\\      XXX 
u  \     \\ 

1, i   i      \ 
2.5e+009- 

\ \           \ 
i \     \          N 

\\       \ 

w \ x \ 
Li    X.. 

 - -— -- 

i                     i i       i 
0.00 5000.00 10000.00 15000.00 20000.00 

XIÖE^J^''" ? Combination Vmaxs: p1 (Hematit...   Days 10:19 AM   Sat, Dec 16,2000 

Hematite Behavior - Simulation Set 1, Combination Simulations 

1-10: Mineralization[VC] 

000.00- 

    

500.00- 
f  ^ 

0.00 5000.00 10000.00 

XI Q ^Mf m Combination Vmaxs: p2(VCdeg...   Days 

15000.00 20000.00 

10:19AM   Sat, Dec 16, 2000 

VC Behavior - Simulation Set 1, Combination Simulations 
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J»   1-10: MineralizationJcDCE] 

1: 2000.00- 

. 

— 

1000.00" 

I 
- -    .-.-_. --]  

0.00-I I                1 
0.00 5000.00 10000.00 15000.00 20000.00 

^lour^''' ? CombinationVmaxs:p3(cDCEd...   Days 10:19AM   Sat, Dec 16,2000 

c/s-DCE Behavior - Simulation Set 1, Combination Simulations 

ß*   1-10: Mineralization[tDCE] 

1: 500.U0- 

    —- -   

250.00- 

1 I      I 
i 

0.00 5000.00 10000.00 

Combination Vmaxs: p4(tDCEd...   Days 

15000.00 20000.00 

10:19AM   Sat, Dec 16, 2000 ma&s  ? 
trans-DCE Behavior - Simulation Set 1, Combination Simulations 
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Input Variables 

Run* CDntVmaxlVCl CüntVmaxfcDCEl CantVmaxftDCEl 

1 4000 5000 5000 
2 gooo 10000 10000 
3 19000 23000 21000 
4 12000 15000 20000 
5 10000 12000 12000 
6 3000 10000 5000 
7 19000 19000 120Ü0 
8 3000 4000 4000 
g 1000 16000 20000 
10 18000 22000 21000 

Run* H2Vmax Ace Vmax Form Vmax 

1 10000 25000 25000 
2 15000 70000 65000 
3 50000 100000 80000 
4 7000 5000 5000 
5 150000 70D000 90000 
6 1000 400000 300000 
7 200000 1B000D 150000 
8 20000 250000 10000 
g 800000 50000 40000 
1D 400000 500000 400000 

Run* ProoVmax But Vmax La ct Vmax 

1 15000 12500 11000 
2 30000 50000 25000 
3 80000 35000 50000 
4 3000 4000 3000 
5 150000 300000 50000 
6 200000 B0000 90000 
7 100000 80000 50000 
8 10000 20000 1000 
g 50000 70000 30000 
10 300000 B00D0 250000 

Run* Eth Vmax Meth Vmax 

1 10000 10000 
2 50000 40000 
3 30000 30000 
4 2000 2000 
5 100000 20000 
6 75000 75000 
7 100000 100000 
8 5000 5000 
g 20000 20000 
10 500000 500000 

Vmax Values used in 10 Combination Simulations (Runs) 
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"pr   1: Fe3 Hematite 

1: 

2: Fe3 Hematite 

5e+009.- 

-I 

2 
1 

2.5e+009" 

0.00 5000.00 10000.00 

All maxmin Vmaxs: p1 (Hematite...   Days 

15000.00 20000.00 

6:23 PM   Mon, Dec 18, 2000 ^8i/    ? 
Hematite Behavior - Simulation Set 1, Max/Min Vmax Values 

^F   1: Mineralization[VC] 

1: 1000.001 

2: Mineralization[VC] 

500.00 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

^\l 8 ül^J        ?        All maxmin Vmaxs: p2(VCdegra...  Days 6:23 PM   Mon, Dec 18,2000 

VC Behavior - Simulation Set 1, Max/Min Vmax Values 

144 



ßr  1: Mineralization[cDCE] 

1: 2000.00 -t  

1000.00- 

0.00' 
0.00 

2: Mineralization[cDCE] 

5000.00 10000.00 15000.00 20000.00 

6:23 PM   Mon, Dec 18, 2000 ?\~| Q Üf^''" ? All maxmin Vmaxs: p3 (cDCE de...    Days 

c/s-DCE Behavior - Simulation Set 1, Max/Min Vmax Values 

ßt   1: Mineralization[tDCE] 

1: 500.00 T 

250.00- 

0.00' 

■ 2 

2: Mineralization[tDCE] 

0.00 5000.00 10000.00 

All maxmin Vmaxs: p4 (tDCE de...    Days 

:1=2= 
15000.00 20000.00 

6:23 PM   Mon, Dec 18, 2000 

trans-DCE Behavior - Simulation Set 1, Max/Min Vmax Values 
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Setup #2 Mon , Dec 18, 2000 6:19 PM 

Input Variables 

Run* ContVmaxIVCl ContVmaxrcDCEl ContVmaxrtDCEl 

1 
2 

10.0 
19200 

10.0 
23000 

10.0 
22000 

Run* H2 Vmax Ac e Vmax Form Vmax 

1 
2 

10.0 
900000 

10.0 
1.2B+00B 

10.0 
8700D0 

Run# ProoVmax But Vmax La et Vmax 

1 
2 

10.0 
550000 

10.0 
520000 

10.0 
520000 

Run* EthVmax Meth Vmax 

1 
2 

10.0 
540000 

10.0 
500000 

Vmax Values used for Max/Min Simulations (Runs) 
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1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite i>: R\> heTÄ:te 

0.00 5000.00 

1:             5e+009.- 

'2V 

1:           2.5e+009- 

**Vc 

1:                   O.OoH 
10000.00 15000.00 20000.00 

7:21 PM   Mon, Dec 18, 2000 ^~|Q^^;"        *?        VC changing Km: p1 (Hematite d...   Days 

Hematite Behavior - Simulation Set 2, Changing VC Km 

J»   1: Mineralization[VC]   2: MineralizationfVC]   3: Minera!ization[VC]   4: MineraiizationfVC] 

1: 

0.00 

900.00- 

-       - -    

450.00- 

—-     -   

m ^^^^J^äm'rMäiitm^^^':;^' 

5000.00 10000.00 15000.00 20000.00 

7:21 PM   Mon, Dec 18, 2000 J\] Q ^y,:"        *i        VC changing Km: p2 (VC Minerali... Days 

VC Behavior - Simulation Set 2, Changing VC Km 
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p»   1: Mineralization[c...    2: Mineralization[c...    3: Minera!ization[c...    4: Mineralization} 

1: 500.00-i-i—--?=-■ 

250.00- 

0.00 
0.00 

7:21 PM   Mon, Dec 18, 2000 "\"|Q[^f^        *?        VC changing Km: p3 (cDCE Mine...  Days 

«s-DCE Behavior - Simulation Set 2, Changing VC Km 

^af   1: Mineralization[t...     2: Mineralizationjt...     3: Mineraiizationft...     A: Mineralization!!.. 

1: 200.00-t-    — ■-      

100.00- 

0.00' 
0.00 5000.00 10000.00 

r^T] Q ^y'J        *?        VC changing Km: p4 (tDCE Mine...   Days 

15000.00 20000.00 

7:21 PM   Mon, Dec 18, 2000 

trans-DCE Behavior - Simulation Set 2, Changing VC Km 

Setup #1 Mon, Dec 10,2000 7:18 PM 

Run* 

1 
2 
3 
4 
5 

Input Variables 

CüntKmlVCl 

0.03 
0.5 
5.00 
1000 
10000 

Km Values used for Changing VC Simulations (Runs) 
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'JB  1: Fe3 Hematite 

1: 5e+009.' 

2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 5: Fe3 Herr« 

1: 2.5e+009' 

0.00' 

"V 

0.00 5000.00 10000.00 

'STlQ jj^J^;' *} cDCE changing Km: p1 (Hematit...    Days 

"°\ _ ,  

15000.00 20000.00 

7:35 PM   Mon, Dec 18, 2000 

Hematite Behavior - Simulation Set 2, Changing cis-DCE Km 

J&   1: Mineralization[VC]   2: Mineralization[VC]   3: M!nerai!zation[VC]   4: MineralizaticnfVC] 

1: 400.00T 

200.00- 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

7:35 PM   Mon, Dec 18, 2000 ^\l 8 &^''" ? cDCE chan9'n9 Km: P2 <VC de9r--   DaVs 

VC Behavior - Simulation Set 2, Changing cis-DCE Km 
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J9   1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Miiieratizalionfc 

1: 2000.00- 

x>\ MinG^H^st! 

1000.00- 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

7:35 PM   Mon, Dec 18, 2000 ^NT]ft[^j>^ *? cDCE changing Km: p3(cDCEd...    Days 

c/s-DCE Behavior - Simulation Set 2, Changing c/s-DCE Km 

100.00- 

0.00 

ßß   1: Mineralization[t...     2: Mineralization[t...     3: Mineralizationfl...    4: Mineraüzalionp.. 

1: 200.00 T 

0.00 5000.00 10000.00 15000.00 20000.00 

*\]6ür/':' ? cDCE changing Km: p4(tDCEd...     Days 7:35 PM   Mon, Dec 18,2000 

trans-DCE Behavior - Simulation Set 2, Changing cis-DCE Km 

Setup #2 MDn, Dec 18, 20D0 7:31 PM 

Input Variables 

Run* 

1 
2 
3 
4 
5 

ContKmfcDCEl 

0.03 
0.5 
5.00 
1000 
10000 

Km Values used for Changing cis-DCE Simulations (Runs) 

150 



1: Fe3 Hematite 

5e+009.-i 

2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 5: Fe3 

1: 2.5e+009- 

0.00 
0.00 

"X 

5000.00 10000.00 15000.00 20000.00 

7:47 PM   Mon, Dec 18, 2000 ^\|fl[^I^        *?        tDCE changing Km: p1 (Hematit...    Days 

Hematite Behavior - Simulation Set 2, Changing trans-DCE Km 

JB   1: Mineralization[VC]   2: Mineralization[VC]   3: Mineralization[VCJ   4: M;nera!ization[VC 

1: 400.00 T--   

1: 200.00" 

0.00 
0.00 5000.00 

I  
10000.00 15000.00 20000.00 

7:47 PM   Mon, Dec 18, 2000 'XlSlü^'''        ?        tDCE changing Km: p2(VCdegr...   Days 

VC Behavior - Simulation Set 2, Changing trans-DCE Km 
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$P   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizationfc...    4: Mineralization[c... 

1: 500.00-i- ^=2= «•• ,,-=•=' 

Mners'lzat >-n[c 

250.00" 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

7:47 PM   Mon, Dec 18, 2000 f\]Q[^J^J        *}        tDCE changing Km: p3(cDCEd...    Days 

cis-DCE Behavior - Simulation Set 2, Changing trans-DCE Km 

>£*   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t. 

1: 400.00 T 

: Minera'izationp..      5: 

200.00- 

0.00' T *2a 
0.00 5000.00 10000.00 

tDCE changing Km: p4 (tDCE de...   Days 

15000.00 20000.00 

7:47 PM   Mon, Dec 18, 2000 S8&/    ? 
trans-DCE Behavior - Simulation Set 2, Changing trans-DCE Km 

Setup #3 Mon, Dec 18,2000 7:43 PM 

Input Variables 

Run* 

1 
2 
3 
4 
5 

ContKmltDCEl 

0.04 
0.5 
5.00 
1000 
10000 

Km Values used for Changing trans-DCE Simulations (Runs) 
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p»   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

1: 5e+009."i~ 

rej riemaüte 

1: 2.5e+009 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

^\l8§/!        ? H2 changing Km: p1 (Hematite d...   Days 7:58 PM   Mon, Deo 18,2000 

Hematite Behavior - Simulation Set 2, Changing H2 Km 

ßß   1: Mineralization[VC]   2: MineralizationfVC]   3: MinerafizationlVC]   4: MinerahzaSionfVC]   5: 

1: 400.00- 

1: 200.00' 

0.00 
0.00 5000.00 

5\| ö Ö f'"        ?        H2 cnan9in9 Km: P2 (vc degrad...   Days 

10000.00 15000.00 20000.00 

7:58 PM   Mon, Dec 18, 2000 

VC Behavior - Simulation Set 2, Changing H2 Km 
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JW   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizationfc...    4: Mineralization[c 

250.00- 

0.00' 
0.00 5000.00 10000.00 

r\~| Q ^J*'" *} H2 changing Km: p3 (cDCE degr...   Days 

15000.00 20000.00 

7:58 PM   Mon, Dec 18, 2000 

c/s-DCE Behavior - Simulation Set 2, Changing H2 Km 

-Jaf   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t. 

1: 200.00 

MinsranTasionp.. 

100.00' 

0.00' 
0.00 5000.00 10000.00 

H2 changing Km: p4 (tDCE degr...    Days 

r 
15000.00       20000.00 

7:58 PM Mon, Dec 18, 2000 ^|8i/    ? 
trans-DCE Behavior - Simulation Set 2, Changing H2 Km 

Setup #4 Mon, Dec 18, 2000 7:53 PM 

Input Variables 

Run* H2Km 

1 
2 
3 
4 
5 

0.03 
0.5 
10.0 
10000 
10D000 

Km Values used for Changing H2 Simulations (Runs) 
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^  1-10: Fe3 Hematite 

1: 5e+009.T 

1: 2.5e+009" 

0.00 
0.00 

? 
5000.00 10000.00 

Fe changing Km: p1 (Hematite d...    Days 

15000.00 20000.00 

12:55 PM   Tue, Dec 19, 2000 

Hematite Behavior - Simulation Set 2, Changing Hematite Km 

1-10: Mineralization[VC] 

0.00 

1:              400. uo- 

  _.... 

K 
i    " "\  

\ 

■ —     "^""^N 

1:               200.00-   ---   - 

i                       % 

\ 
\ 

1:                   0.00" 
5000.00 10000.00 15000.00 20000.00 

12:55 PM   Tue, Dec 19, 2000 '\l8&/''        ?        Fe changing Km: p2(VCdegrada... Days 

VC Behavior - Simulation Set 2, Changing Hematite Km 
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JSß   1-10: Mineralization[cDCE] 

500.00-] 

—^"^""N v 
   - - 

\ 

250.00- 

\                     \ 

\ -X 

X 
0.00 5000.00 10000.00 15000.00 20000.00 

12:55 PM   Tue, Dec 19, 2000 \ I Q ^ff* *? Fe changing Km: p3 (cDCEdegr...    Days 

c/s-DCE Behavior - Simulation Set 2, Changing Hematite Km 

ß&   1-10: MineralizationjtDCE] 

1: 200.00- 

™™~— "" ~ " • "—  """"'  -wr---,,„,      _"^> 

]      X 
100.00- 

...!..., \  1           w\-.   , 
\ 

\ S                   \ 

■  i—= -A 
0.00 5000.00 10000.00 15000.00 20000.00 

12:55 PM   Tue, Dec 19, 2000 \| fi l=I^'* ? Fe changing Km: p4(tDCEdegra...   Days 

trans-DCE Behavior - Simulation Set 2, Changing Hematite Km 

Setup #12 Tus, Dec 19, 200012:46 PM 

Input Variables 

Run* 

1 

FeKm 

0.0001 
2 0.01 
3 1.00 
4 100 
5 1000 
6 5000 
7 10000 
8 50000 
9 100000 
10 500000 

Km Values used for Changing Hematite Simulations (Runs) 
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1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

5e+009. 

1: 2.5e+009 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

h\| 8 ^f'~        ?        Ace changing Km: p1 (Hematite...    Days 9:35 PM   Mon, Dec 18,2000 

Hematite Behavior - Simulation Set 2, Changing Acetic Acid Km 

J»   1: Mineralization[VC]   2: Mineralization[VC]   3: Minera!izaticn[VC]   4: Mlneralizat;on[VC]   S: Minerai:rat:on|v 

1: 400.00 T          

20000- 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

^\] Q Üf^1'"        *i Ace changing Km: p2 (VCdegrad...  Days 9:35 PM   Mon, Dec 18,2000 

VC Behavior - Simulation Set 2, Changing Acetic Acid Km 
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J&   1: Mineralization[c...    2: Minera!ization[c...    3: Mineralizationfc...    4: Mineralization! 

250.00' 

0.00' 
0.00 5000.00 10000.00 15000.00       20000.00 

^\)8ür^   ?   Ace changing Km: p3(cDCEdeg... Days        9:35 PM Mon, Dec 18,2000 

cis-DCE Behavior - Simulation Set 2, Changing Acetic Acid Km 

$9   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t.. 

1: 200.001      

-4 5" 

Mineraiizaiionp.. 

100.00- 

0.00' 
0.00 5000.00 10000.00 

Ace changing Km: p4 (tDCEdegr...   Days 

15000.00 20000.00 

9:35 PM   Mon, Dec 18, 2000 ^8&/;    ? 
trans-DCE Behavior - Simulation Set 2, Changing Acetic Acid Km 

Setup #11 Mon, Dec 18,2000 9:31 PM 

Input Variables 

Run* Ace Km 

1 
2 
3 
4 
5 

0.0001 
0.5 
1000 
100000 
500000 

Km Values used for Changing Acetic Acid Simulations (Runs) 
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,   •   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite &: Fe3 Hematite 

1: 5e+009.' 

1: 2.5e+009 

0.00 

N^. 
s%,  -2'::&, 

""%""..< 

N2 

0.00 5000.00 10000.00 15000.00 20000.00 

"\l8&y':"        ? Formic changes Km: p1 (Hematit...   Days 9:18 PM   Mon, Dec 18,2000 

Hematite Behavior - Simulation Set 2, Changing Formic Acid Km 

JB   1: Mineralization[VC]   2: Mineralization[VC]   3: Mineralization[VC]   4: Mlnera!ization[VC 

1:                400.00- 

-1—2—3 4 %- 

    

._ 

    -- 

1:                200.00- 

      

1:                   0.00- 
0.00 5000.00 10000.00 

\ I fl CUT^'"        *f        Formic changes Km: p2(VCdeg...   Days 

15000.00 20000.00 

9:18 PM   Mon, Dec 18, 2000 

VC Behavior - Simulation Set 2, Changing Formic Acid Km 
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:JW   1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Minerallzationfc...    5 MinsraüzatiODfc 

250.00- 

0.00' 
0.00 5000.00 10000.00 15000.00       20000.00 

'STI Q |Hr^,:'   ?   Formic changes Km: p3(cDCEd... Days        9:18 PM Mon, Dec 18,2000 

cis-DCE Behavior - Simulation Set 2, Changing Formic Acid Km 

'ifl*   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t... 

1: 200.00 

4 M nerahzationFt . 

100.00- 

0.00' 
0.00 5000.00 10000.00 

Formic changes Km: p4 (tDCE d...    Days 

15000.00 20000.00 

9:18 PM   Mon, Dec 18, 2000 

trans-DCE Behavior - Simulation Set 2, Changing Formic Acid Km 

Setup #10 Mon, Dec 18,2000 9:14 PM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Form Km 

0.0001 
0.5 
1000 
100000 
500000 

Km Values used for Formic Acid Simulations (Runs) 
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JB   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite <!: Fe3 Hematite 5: Fe3 Hematite 

1: 5e+009.' 

2.5e+009- 

0.00 
0.00 5000.00 10000.00 

Prop changing Km: p1 (Hematite ...  Days 

15000.00 20000.00 

8:20 PM   Mon, Dec 18, 2000 

Hematite Behavior - Simulation Set 2, Changing Propionic Acid Km 

ßß   1: Mineralization[VC]   2: MineralizationfVC]   3: MineralizatioriFVC]   1: M!nera!ization[VCJ   S>: M;nsra:i::at:on[VC] 

1: 0.00- 

    — 

  —-  

0.00- 

._.. -    

1 p   
0.00 5000.00 10000.00 15000.00 20000.00 

^\) 8 &/■''"        *?        Prop changing Km: p2(VCdegra...  Days 8:20 PM   Mon, Dec 18,2000 

VC Behavior - Simulation Set 2, Changing Propionic Acid Km 
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j9   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizationfe...    4: Mineraüzaticnfc...    5: MineiBiizattonfc 

1: 500.00- 

250.00 

0.00 

-       

. 

— 

0.00 

^ie&/   ? 
5000.00 10000.00 

Prop changing Km: p3 (cDCE de...   Days 

15000.00 20000.00 

8:20 PM   Mon, Dec 18, 2000 

cw-DCE Behavior - Simulation Set 2, Changing Propionic Acid Km 

ß&   1: Mineralization[t...     2: Mineralizationft...     3: Minera!ization[t...     4: Mineralizationp..      5: Minsralteaiionjl. 

1: 200.00- 

100.00 

0.00' 

. 
Tx 

0.00 5000.00 10000.00 15000.00 20000.00 

8:20 PM   Mon, Dec 18, 2000 \| Q J^if'~        *%        Prop changing Km: p4 (tDCE deg... Days 

trans-DCE Behavior - Simulation Set 2, Changing Propionic Acid Km 

Setup #6 Mon, Dec 18, 2000 8:16 PM 

Input Variables 

Run* Prop Km 

1 
2 
3 
4 
5 

0.0001 
0.5 
10.0 
10000 
100000 

Km Values used for Propionic Acid Simulations (Runs) 
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£m   1: Fe3 Hematite 2: Fe3 Hematite 

1: 5e+009. i— 

3: Fe3 Hematite A: Fe3 Hematite 

1: 2.5e+009- 

0.00 
0.00 

^8i/    ? 
5000.00 

But changing Km: p1 (Hematite d...  Days 

10000.00 15000.00 20000.00 

8:32 PM   Mon, Dec 18, 2000 

Hematite Behavior - Simulation Set 2, Changing Butryic Acid Km 

ßß   1: Mineralization[VC]   2: Mineralization[VC]   3: Mineralization[VC]   4: M!neralizaiion[VC]   5: 

1: 400.00- 

200.00- 

0.00 

^siee>* 
0.00 5000.00 10000.00 

V        But changing Km: p2 (VCdegrad...   Days 

20000.00 15000.00 

8:32 PM   Mon, Dec 18, 2000 

VC Behavior - Simulation Set 2, Changing Butryic Acid Km 
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jB   1: Mineralization[c...    2: Mineralization[c...    3: Minera!ization[c...    A: Mineralizationfc...    5: Mlneralizationfc 

1: 250.00- 

0.00 I I 
0.00 5000.00 10000.00 

But changing Km: p3 (cDCE degr...  Days 

1- 
15000.00 20000.00 

8:32 PM   Mon, Dec 18, 2000 

m-DCE Behavior - Simulation Set 2, Changing Butyric Acid Km 

JB   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t...     4: Minersfeationjt.      5: ft/ürisrs[!:ationf!. 

1: 200.00 -I  

100.00- 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

8:32 PM   Mon, Dec 18, 2000 ST] Q \^}f'~        *?        But changing Km: p4 (tDCE degr...   Days 

trans-DCE Behavior - Simulation Set 2, Changing Butyric Acid Km 

Setup #7 Mon, Dec 18, 2000 0:27 PM 

Input Variables 

Run* But Km 

1 
2 
3 
4 
5 

0.0001 
0.5 
1D.0 
10000 
100000 

Km Values used for Butyric Acid Simulations (Runs) 
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JB   1: Fe3 Hematite          2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

1: 5e+009.n    -- 

1: 2.5e+009- 

0.00' 

8:11 PM   Mon, Dec 18, 2000 \ I Q lUl^""        "t        Lact changing Km: p1 (Hematite ...   Days 

Hematite Behavior - Simulation Set 2, Changing Lactic Acid Km 

J9   1: Mineralization[VC]   2: Minera!ization[VC]   3: Mineraiization[VC]   4: Minera!iza*ion[VC) 

1: 400.00T  

200.00' 

0.00' 
0.00 5000.00 10000.00 

^\T] Q Ö^,:'        ?        Lac' changing Km: p2 (VC degra...   Days 

Tl 

15000.00 20000.00 

8:11 PM   Mon, Dec 18, 2000 

VC Behavior - Simulation Set 2, Changing Lactic Acid Km 
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^BF   1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Mineratizalionfc...    5: MinsrsHzatlOiitc 

1: 250.00- 

0.00 f r 
0.00 5000.00 10000.00 

Lact changing Km: p3(cDCE de...    Days 

15000.00 20000.00 

8:11 PM   Mon, Dec 18, 2000 

cis-DCE Behavior - Simulation Set 2, Changing Lactic Acid Km 

ß&   1: Mineralization[t...     2: Mineralization[t...     3: Mineralizationp.. 

1: 200.00 

■1 2 3' 

4- M nersllzaiionp..      ü M re'&\ 

100.00' 

0.00' 
0.00 5000.00 10000.00 

^\)Q|ÜJ^''"        *? Lact changing Km: p4 (tDCE deg...   Days 

15000.00 20000.00 

8:11 PM   Mon, Dec 18, 2000 

trans-DCE Behavior - Simulation Set 2, Changing Lactic Acid Km 

Setup #5 Mon, Dec 18, 2000 8:07 PM 

Input Variables 

Run* Lact Km 

1 
2 
3 
4 
5 

0.0001 
0.5 
10.D 
1000 
100000 

Km Values used for Lactic Acid Simulations (Runs) 
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JB   1: Fe3 Hematite          2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 5: Fe3 Hematite 

1: 5e+009.-i    

2.5e+009 

0.00 5000.00 10000.00 

Ethanol Changing Km: p1 (Hema...   Days 

15000.00 20000.00 

8:49 PM   Mon, Dec 18, 2000 ^ae/*   ? 
Hematite Behavior - Simulation Set 2, Changing Ethanol Km 

1: MineralizationtVC]   2: Mineralization[VC]   3: Mineralization[VC]   4: Mineralization[VCJ 

1:                400.00- 

„1 2 3__.4._5». 
-1 2 3-4—5- ;          *.. 

  
"~~~"~iC 

1:               200.00- 

  -- -      

1:                   0.00" 
0.00 5000.00 10000.00 

^\] Q I^J^''"        *?        Ethanol Changing Km: p2(VC de...  Days 

15000.00 20000.00 

8:49 PM   Mon, Dec 18, 2000 

VC Behavior - Simulation Set 2, Changing Ethanol Km 
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1: Mineralization[c...    2: Mineralization[c...    3: Minera!ization[c...    4: Minera!izaiicn[c...    s: Mineralization!' 

1:                 500.00- 

- -   

.,, 2 

   

........... 

- -   -- 

1:               250.00- 

- 

1:                   0.00 H r ■ 
0.00 5000.00 10000.00 

Ethanol Changing Km: p3 (cDCE...   Days 

15000.00 20000.00 

8:49 PM   Mon, Dec 18, 2000 ^]Bi/    ? 
c/s-DCE Behavior - Simulation Set 2, Changing Ethanol Km 

JB   1: Mineralization[t...     2: Mineralizationft...     3: Mineralizationft...     4: Minerafeationfi.      5: Mineraitestio: 

1: 200.00-1  ~-             '  

100.00' 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

8:49 PM   Mon, Dec 18, 2000 ^\1 Q ^!f'~        *%        Ethanol Changing Km: p4(tDCE...   Days 

trans-DCE Behavior - Simulation Set 2, Changing Ethanol Km 

Setup #8 Mori, Dec 18, 2000 8:46 PM 

Input Variables 

Run* EthKm 

1 
2 
3 
4 
5 

0.0001 
0.5 
10.0 
1DG00 
100000 

Km Values used for Ethanol Simulations (Runs) 
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JP  1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 5: Fe3 Hematite 

1: 5e+009.' 

2.5e+009 

0.00 

 NV^..  —     -_. 

sS^ 

0.00 5000.00 10000.00 15000.00 20000.00 

F\|8§/;        ?        Meth changes Km: p1 (Hematite...   Days 9:04 PM   Mon, Dec 18,2000 

Hematite Behavior - Simulation Set 2, Changing Methanol Km 

ß*   1: Mineralization[VC]   2: Mineralization[VC]   3: Mineraiization[VC]   4: Mineraiization[VC]   5: Mi 

1: 400.00- 

1: 200.00 

0.00 
0.00 

-1 2- -3—4 5» -1-2—3 "4-5- 

  
' 
  

    —•    ---- 

L  - 
5000.00 10000.00 15000.00 20000.00 

9:04 PM   Mon, Dec 18, 2000 ^sT] Q |E!f j?'~        *?        Meth changes Km: p2 (VC degra...   Days 

VC Behavior - Simulation Set 2, Changing Methanol Km 
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ß&   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizationfc...    4: Minera!izaiion[c...    5: f*; 

500.00" 

—   -   — 

... ^ ..^ 

—  -  

»..,. 

- 

250.00" 

r 
0.00 5000.00 10000.00 

Meth changes Km: p3 (cDCE de...    Days 

15000.00 20000.00 

9:04 PM   Mon, Dec 18, 2000 

cis-DCE Behavior - Simulation Set 2, Changing Methanol Km 

ß*   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization]! 

1: 200.00 T 

4: Mineralization!!. 

100.00" 

0.00' T =2= 
0.00 5000.00 10000.00 15000.00 20000.00 

8:49 PM   Mon, Dec 18, 2000 ,\]ö&y';' ? Ethanol Changing Km: p4 (tDCE ...   Days 

trans-DCE Behavior - Simulation Set 2, Changing Methanol Km 

Setup #9 Mon, Dec 18, 2000 9:00 PM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Meth Km 

0.008 
0.5 
10.0 
10000 
100000 

Km Values used for Methanol Simulations (Runs) 
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1-10: Fe3 Hematite 

0.00 

5e+009.- 

^| 

^s\      ^-^ 

S:- *~—<*. 
--^ 

'^rrs. -^ 2.5e+009- 

-^v^--  

0.001 i 

5000.00 10000.00 

\ I Q üf^'" " Changing Km Combinations: p1 (...   Days 

15000.00 20000.00 

3:23 PM   Wed, Dec 20, 2000 

Hematite Behavior - Simulation Set 2, Combination Simulations 

J*   1-10: MineralizationfVC] 

1: 

0.00 5000.00 10000.00 

600.00- 

300.00- 

     - - ^V   — -— 

\ k-^. *l 
.„.■,~77T*!TT!.: -,.-:,:-,-,-:->-,-.„■>, 

15000.00 20000.00 

3:23 PM   Wed, Dec 20, 2000 \. I A jUjj^'*        V        Changing Km Combinations: p2(...   Days 

VC Behavior - Simulation Set 2, Combination Simulations 
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J*   1-10: Mineralization[cDCE] 

1: 500.00-] 

    — - —-   

250.00 ■ 

 ~Z~~\ 
0.00 5000.00 10000.00 

(K. I Q E=f>^ * Changing Km Combinations: p3(...   Days 

15000.00 20000.00 

3:23 PM   Wed, Dec 20, 2000 

cis-DCE Behavior - Simulation Set 2, Combination Simulations 

jm   1-10: Mineralization[tDCE] 

1: 200.00- 

  -   100.00- 

■            - 

~..:...:~":. L:  , ÜT^TT.       

0.00 5000.00 10000.00 

\1 fl 1=1^'" * Changing Km Combinations: p4(...   Days 

15000.00 20000.00 

3:23 PM   Wed, Dec 20, 2000 

trans-DCE Behavior - Simulation Set 2, Combination Simulations 
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Input Variables 

Run* Cont KmlVCl Cont KmrcDCEl ContKmftDCEl 

1 2.DD 5.00 5.00 
2 0.1 0.3 0.3 
3 0.5 1.00 1.00 
4 5.00 6.00 6.00 
5 0.05 0.1 0.1 
6 1.00 5.00 5.00 
7 10.0 2.00 2.00 
8 100D 1200 1200 
9 0.5 1.00 1.00 
10 0.2 0.5 0.5 

Run* H2Km Ace Km Form Km 

1 10.0 5.00 5.00 
2 1.50 20.0 15.0 
3 0.01 0.5 0.25 
4 5.00 100 500 
5 100 2000 100 
6 25.0 0.01 0.001 
7 2.00 1.00 20.0 
e 0.5 25.0 100 
9 0.001 10000 7500 
10 1.00 75.0 20.0 

Run* Proo Km But Km Lact Km 

1 1.00 1.00 1.00 
2 5.00 0.1 200 
3 10.0 5.00 10.0 
4 50.0 0.05 0.01 
5 0.5 20.0 5.00 
6 0.1 0.25 0.5 
7 2.00 3.00 1.00 
8 0.75 1000 50.0 
9 100 0.01 0.75 
1G 1000 2Q.0 3.00 

Run* EthKm Meth Km FeKm 

1 0.5 0.5 5.00 
2 0.01 0.001 1000 
3 10.0 5.00 0.1 
4 50.0 20.0 50.0 
5 2.00 1.00 7.50 
6 100 20.0 D.25 
7 0.02 0.01 0.5 
8 5.00 25.0 20.0 
9 10000 2000 0.01 
10 3.00 0.25 10.0 

Km Values used in 10 Combination Simulations (Runs) 
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ßr  1: Fe3 Hematite 

1: 5e+009.T 

1: 2.5e+009 

0.00 

2: Fe3 Hematite 

0.00 5000.00 10000.00 

:\. I Q ^^f'* ; Max Min values: p1 (Hematite de...   Days 

15000.00 20000.00 

2:07 PM   Tue, Dec 19, 2000 

Hematite Behavior - Simulation Set 2, Max/Min Km Values 

fir   1: Mineralization[VC] 

1: 900.001  

450.00- 

0.00' 

2: MineralizationfVC] 

0.00 5000.00 10000.00 

Max Min values: p2 (VC degradat... Days 

15000.00 20000.00 

12:24 AM   Thu, Jan 25, 2001 N8^J    ? 
VC Behavior - Simulation Set 2, Max/Min Km Values 
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'jPß.   1: Mineralization[cDCE] 

1: 2000.001  

2: Mineralization[cDCE] 

1000.00- 

0.00-F1 ;1==2= 
0.00 5000.00 10000.00 

Max Min values: p3 (cDCE degra...   Days 

15000.00 20000.00 

12:24 AM   Thu, Jan 25, 2001 ^6i/    ? 
cw-DCE Behavior - Simulation Set 2, Max/Min Km Values 

$&   1: Mineralization[tDCE] 

1: 400.00 T 

2: Mineralization[tDCE] 

200.00 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

^\]flg^'"        *? Max Min values: p4 (tDCE degra...    Days 12:24 AM   Thu, Jan 25,2001 

trans-DCE Behavior - Simulation Set 2, Max/Min Km Values 
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Setup #3 Thu, Jan 25, 2001 12:22 AM 

Input Variables 

Run* Cont KmlVCl ContKmrtDCEl H2Km 

1 
2 

10000 
0.03 

10000 
0.04 

100000 
0.03 

Run* Ace Km Form Km PrQD Km 

1 
2 

500000 
0.0001 

500000 
0.0001 

100000 
0.0001 

Run* But Km La et Km EthKm 

1 
2 

100000 
0.00D1 

100000 
0.0001 

100D00 
0.0001 

Run* Meth Km Fe Km ContKmfcDCEl 

1 
2 

100000 
0.008 

500000 
0.0001 

10000 
0.03 

Km Values used for Max/Min Simulations (Runs) 
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^B   1-15: Fe3 Hematite 

1: 9e+009. ■ 

    

'"""--•-„ *., "-•-, 

-~-— —   - -—"^. 4.5e+009" 

—---<=• ---  - -   
*^^-^_                          *""™'^. 

" '"""^'-..... ^Vl^^ 

0.00-|  1 |— 1 "— 1 
0.00 5000.00 10000.00 

Comparitive with changing Hema...   Days 

15000.00 20000.00 

5:45 PM   Fri, Dec 15, 2000 

Hematite Behavior - Simulation Set 3, Hematite Changing 

J9   1-15: Mineralization[VC] 

1: 400.00^ -  

ft        "* 

1: 200.00- 

0.00-F 
0.00 5000.00 10000.00 15000.00 20000.00 

^\|ö&^''* ? Comparitive with changing Hema...   Days 5:45 PM   Fri, Dec 15,2000 

VC Behavior - Simulation Set 3, Hematite Changing 
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1-15: Mineralization[cDCE] 

0.00 

? 

1:             500.00- 

] | 
n - 

1:                250.00- 

—-j  I    

I I   
5000.00 10000.00 

Comparitive with changing Hema...   Days 

15000.00 20000.00 

5:45 PM   Fri, Dec 15, 2000 

cis-DCE Behavior - Simulation Set 3, Hematite Changing 

ßt   1-15: Minera!ization[tDCE] 

1: 200.00 

1: 100.00- 

0.00' 
0.00 

ft      "\  \ "I 

  

-■-- —   -:--- 

 mm ! 
I  1 

5000.00 10000.00 

Comparitive with changing Hema...   Days 

15000.00 20000.00 

5:45 PM   Fri, Dec 15, 2000 

trans-DCE Behavior - Simulation Set 3, Hematite Changing 
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Setup #1 Fri, Dec 15, 2000 5:32 PM 

Input Variables 

Run* Fe3 Hematite 

1 891975 
2 8.9e+006 
3 4.5e+007 
4 8.9e+007 
5 4.5e+008 
6 8.9e+008 
7 1.8e+009 
8 2.7e+009 
9 3.Be+G09 
10 4.5e+009 
11 5.4e+009 
12 6.2e+009 
13 7.16+009 
14 8e+009 
15 8.9e+009 

Hematite Values used for Simulations (Runs) 
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:ßß  1-25: Fe3 Hematite 

""Nu* 

^^ 
^»^« 

1:           2.5e+009- 

  

0.00 4062.50 8125.00 

\J (| ^Hf^"'"        V        Changing flowrate with 1day: p1 £   Days 

12187.50 16250.00 

10:57 AM  Thu, Feb 08,2001 

Hematite Behavior - Simulation Set 4, Flow Rate Changing 

1-25: Mineralization[VC] 

2000.00- 

1000.00- -   -   —  - —- — 

* 

Ifcr— —^-====== —^===, 
-     -I  

0.00- -^— 

 . -           

  

 4 mi'-'-h 

■ 
0.00 4062.50 8125.00 

\J Q ^tf'* j Changing flowrate with 1day: p2£     Days 

12187.50 16250.00 

10:57 AM  Thu, Feb 08,2001 

VC Behavior - Simulation Set 4, Flow Rate Changing 
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pP  1-25: Mineralization[cDCE] 

1: 2000.00 

1: 1000.00 - 

I 
I.is;. 

-^-—, ■ssläg 

 '    s_ ~' 

UM 
0.00 4062.50 8125.00 

\ I Q ÜJ^""        ?        Changing flowrate with 1 day: p3 E    Days 

12187.50 16250.00 

10:57 AM  Thu, Feb 08, 2001 

cis-DCE Behavior - Simulation Set 4, Flow Rate Changing 

J*   1-25: Mineralization[tDCE] 

1: 600.00- 

1: 300.00' 

0.00' 

2k 

A 1 
0.00 4062.50 8125.00 12187.50 16250.00 

\1 3 EIT^''        ? Changing flowrate with 1 day: p4E     Days 10:57 AM  Thu, Feb 08,2001 

trans-DCE Behavior - Simulation Set 4, Flow Rate Changing 

181 



Setup #3 Wed, Feb 07, 2001 9:42 PM 

Input Variables 

Run* Flowrate 

1 78.5 
2 39.3 
3 26.2 
4 19.6 
5 15.7 
6 13.1 
7 13.1 
G 9.82 
9 8.73 
10 7.85 
11 7.14 
12 6.55 
13 6.04 
14 5.61 
15 5.24 
16 4.91 
17 4.62 
18 4.36 
19 4.13 
2D 3.93 
21 3.74 
22 3.57 
23 3.42 
24 3.27 
25 3.14 

Flow Values used for Simulations (Runs) 
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1: Fe3 Hematite 

5e+009.-i— 

2: Fe3 Hematite 3: Fe3 Hematite A: Fe3 Hematite 

1: 2.5e+009" 

0.00' 

~"2. 

0.00 

X; 
*x. 

5000.00 10000.00 15000.00 20000.00 

12:07 AM   Sun, Dec 24, 2000 ^\]Q[^f^"        *?        VC changing inflow: p1 (Hematit...    Days 

Hematite Behavior - Simulation Set 5, Changing VC Inflow Concentration 

j®   1: Mineralization[VC]   2: Mineralization[VC]   3: Mineralization(VC]   4: Mi!iera!ization(VC) 

1: uuu.uu-    .... . 
' V * * ~ 

  

    

500.00" 

  — 

L,  = f=2= «. ": ., ^ 
0.00- 

0.00 5000.00 10000.00 

*\) Q ÜJ^''"        ? VC changing inflow: p2(VCdegr...    Days 

15000.00 20000.00 

12:07 AM   Sun, Dec 24, 2000 

VC Behavior - Simulation Set 5, Changing VC Inflow Concentration 
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ißf  1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Mineralization[c 

1: 500.00-»=!=-=^=^= 

s;izaMo# 

250.00- ' 

0.00' 
0.00 5000.00 10000.00 

^\~] Q \^f''        *i        VC changing inflow: p3(cDCEd...    Days 

15000.00 20000.00 

12:07 AM   Sun, Dec 24, 2000 

c/s-DCE Behavior - Simulation Set 5, Changing VC Inflow Concentration 

ßr   1: Mineralization[t...     2: Mineralization[t...     3: Mineraiization[t...     4: Mjnerailzaticn[t. 

1: 200.00- 

-1_ _2— .3_4 f._ _, :: 3.—4 s_ -, 2 3. ~4 F-» 

100.00- 

-—   - 

0.00 5000.00 10000.00 15000.00 20000.00 

12:07 AM   Sun, Dec 24, 2000 *\1 Q dlr^''" ? VC changing inflow: p4(tDCE de...   Days 

trans-DCE Behavior - Simulation Set 5, Changing VC Inflow Concentration 

Setup #1 Sun, Dec 24, 20DD 12:03 AM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Inflow conclVCl 

1e-006 
1 e-005 
0.0001 
0.001 
0.03 

Inflow Concentration Values for Changing VC Simulations (Runs) 
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j9   1: Fe3 Hematite          2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

1: 5e+009.n  

1: 2.5e+009- 

0.00' 
0.00 

"N. 

X, 
J*% 

5000.00 10000.00 15000.00 20000.00 

12:20 AM   Sun, Dec 24, 2000 fi\ I Q }^!S'~        ?        cDCE changing inflow: p1 (Hema...   Days 

Hematite Behavior - Simulation Set 5, Changing c/s-DCE Inflow Concentration 

JV   1: Mineralization[VC]   2: Mineralization[VC]   3: Mineralizaiion[VC]   4: MineraiizaticnrvC] 

1: 400.00 -i 

1: 200.00- 

0.00 
0.00 5000.00 

^Tl Q ^lf'' "} cDCE changing inflow: p2 (VC d...    Days 

10000.00 15000.00 20000.00 

12:20 AM   Sun, Dec 24, 2000 

VC Behavior - Simulation Set 5, Changing cis-DCE Inflow Concentration 
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J&   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizationfc...    A: MJnerallzation(c... 

1: 0.00- 

-    —   __._   

 - - 

0.00" 

0.00- r~ !—■" ■'— * ■ 

0.00 5000.00 10000.00 15000.00 20000.00 

12:20 AM   Sun, Dec 24, 2000 ^TlQg^''"        *?        cDCE changing inflow: p3(cDCE...   Days 

c/s-DCE Behavior - Simulation Set 5, Changing c/s-DCE Inflow Concentration 

ßß   1: Mineralization[t...     2: Minera!ization[t...     3: Mineralization!!..     4: Mineralization^...     5: mnetretaaUcr 

1: zou.uu- 

_1   „ .,„    . '■:_„„v„~„ m„mA  „,,K  „ * ..... __., ,_A r.:„.„ 

100.00" 

... _— — ._._ 

0.00 5000.00 10000.00 15000.00 20000.00 

12:20 AM   Sun, Dec 24, 2000 5Tj Q ^ff'' *? cDCE changing inflow: p4 (tDCE...    Days 

trans-DCE Behavior - Simulation Set 5, Changing c/s-DCE Inflow Concentration 

Setup #2 Sun, De: 24, 2000 12:1 BAM 

Input Variables 

Run* Inflow condcDCEl 

1 
2 
3 
4 
5 

1e-00B 
1e-DQ5 
0.0001 
0.001 
D.035 

Inflow Concentration Values for Changing c/s-DCE Simulations (Runs) 
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JB   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

1: 5e+009.- 

'X. 

X, 

2.5e+009-    ..   
rN. 
     -.- - 1: 

a,*i 

^%";, 

' 5^v 

0.00- 

JsJ -i=«3«=3i=4— ü'~B 
1: 

0.00 5000.00 10000.00 

\ I Q ^^Jf,:        *?        tDCE changing inflow: p1 (Hema...   Days 

15000.00 20000.00 

12:35 AM   Sun, Dec 24, 2000 

Hematite Behavior - Simulation Set 5, Changing trans-DCE Inflow Concentration 

!ßP   1: Mineralization[VC]   2: Mineralization[VC]   3: MineralizationfVC]   4: MineraHzalionfVCj 

1: 400.00T       

200.00" ' 

0.00 
0.00 5000.00 

^~| Q J^jf''        ?        tDCE changing inflow: p2(VC de...   Days 

10000.00 15000.00 20000.00 

12:35 AM   Sun, Dec 24, 2000 

VC Behavior - Simulation Set 5, Changing trans-DCE Inflow Concentration 
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ßf   1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Minera!ization[c 

250.00- 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

12:35 AM   Sun, Dec 24, 2000 ^\~|Q|^J^'''        *}        tDCE changing inflow: p3(cDCE...    Days 

cis-DCE Behavior - Simulation Set 5, Changing trans-DCE Inflow Concentration 

ß&   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t...     4: Mineralization^...     5: Mmerahzaiiorsji ,. 

1: 900.00 T-      

450.00- 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

^S~| Q Üf^''" *$ tDCE changing inflow: p4 (tDCE ...    Days 12:35 AM   Sun, Dec 24,2000 

trans-DCE Behavior - Simulation Set 5, Changing trans-DCE Inflow Concentration 

Setup #3 Sun, Dec 24, 200012:32 AM 

Input Variables 

Run* Inflow concRDCEl 

1 
2 
3 
4 
5 

1e-006 
1e-005 
0.0001 
0.001 
0.025 

Inflow Concentration Values for Changing trans-DCE Simulations (Runs) 
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JB   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite S: FeS Hematite 

1: 5e+009.' 

1: 2.5e+009' 

0.00- 

V 

X ^k 
X~'v:-- 

\ 

0.00 5000.00 10000.00 

XI A J^Sf'*        ?        H2 changing inflow: p1 (Hematite...   Days 

X, 

15000.00       20000.00 

2:28 PM Tue, Jan 02, 2001 

Hematite Behavior - Simulation Set 5, Changing H2 Inflow Concentration 

J»   1: MineralizationrVC]   2: Mineralization[VC]   3: MineralizationfVC]   4: MineraüzationfVC] 

1: 400.00T   

200.00 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

2:28 PM   Tue, Jan 02, 2001 ^X") Q [Hl^'''        ?        H2 changing inflow: p2(VCdegr...    Days 

VC Behavior - Simulation Set 5, Changing H2 Inflow Concentration 
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1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Mlneralizationfc...    5: Ml 

1: 500.00n-|=r=Ii=^^='s5,""=:m^ 

1: 250.00 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

2:28 PM   Tue, Jan 02, 2001 ^\~| Q ^$j?'~        *? H2 changing inflow: p3 (cDCE de...   Days 

c/s-DCE Behavior - Simulation Set 5, Changing H2 Inflow Concentration 

ßr   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t...     4: Mineralization!!, 

1: 200.00n  - ■- 

Mineralization!*.. 

100.00- 

0.00 
0.00 5000.00 10000.00 15000.00 

2:28 PM   Tue, Jan 02, 2001 ^\|Q[^J^ f H2 changing inflow: p4 (tDCE de...    Days 

trans-DCE Behavior - Simulation Set 5, Changing H2 Inflow Concentration 

Setup #B Tue, Jan 02,2001 2:25 PM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Inflow cone H2 

le-011 
1e-009 
1e-005 
0.01 
1.00 

Inflow Concentration Values for Changing H2 Simulations (Runs) 
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JB  1-10: Fe3 Hematite 

1: 5e+009.n  

1: 2.5e+009" 

\ 
V 
\. 

V 

K 

''V 

 1  
0.00 5000.00 10000.00 

Cont Inflow Cone Combination: p...   Days 

 1  
15000.00 20000.00 

3:49 PM   Sun, Dec 24, 2000 ^6^/:J    ? 

Hematite Behavior - Simulation Set 5, Combination Values Contaminants 

Jf   1-10: MineralizationrVC] 

1: 40.00- 

   20.00" 

0.00 5000.00 10000.00 

JS. I Q |Hf^'*        Y        Cont Inflow Cone Combination: p...   Days 

15000.00 20000.00 

3:49 PM   Sun, Dec 24, 2000 

VC Behavior - Simulation Set 5, Combination Values Contaminants 
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:ßß   1-10: Mineralization[cDCE] 

1: 2.00-| 

1.00- 

0.00 
0.00 5000.00 

I  
10000.00 

 , 
15000.00 20000.00 

3:49 PM   Sun, Dec 24, 2000 ^n A ^>,;'        *f        Cont Inflow Cone Combination: p...   Days 

cw-DCE Behavior - Simulation Set 5, Combination Values Contaminants 

ßt   1-10: Mineralization[tDCE] 

1: 400.00- 

200.00- 

0.00 -I- 
0.00 

^]8i/    ? 
5000.00 10000.00 15000.00 20000.00 

Cont Inflow Cone Combination: p...   Days 3:49 PM   Sun, Dec 24, 2000 

trans-DCE Behavior - Simulation Set 5, Combination Values Contaminants 
Setup« Sun, Dec 24,2000 3:32 PM 

Input Variables 

Run* Inflow concIVC Inflow conclcDCEl       Inflow concItDCEl 

1 0,0001 1e-006 1e-005 

2 0.01 0.0001 18-005 

3 0.005 0.01 5e-005 

4 002 0.005 0.005 

5 0.001 0.0005 5e-005 

6 0.02 0.001 0.01 

7 5e-005 0.005 5e-005 

B 0.0001 0.01 0.005 

9 5e-005 0.005 0.0001 

10 0.001 5G-005 0.01 

Inflow Concentration Values for 10 Combination Simulations (Runs) 
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J»F  1: Fe3 Hematite 

1: 5e+009.T 

2: Fe3 Hematite 

1: 2.5e+009 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

f\~|Qg^; ? Max Min Cont Inflow Cone: p1(H...   Days 3:15 PM   Sun, Dec 24,2000 

Hematite Behavior - Simulation Set 5, Max/Min Inflow Concentrations for 
Contaminants 

gw   1: Mineralization[VC] 

1: 1000.00 T 

500.00 

0.00-F1— 
0.00 

2: Mineralization[VC] 

_I2—  

5000.00 10000.00 

,\3 B Hi f'~    ?    Max Min Cont lnflow Conc: p2 (V- • ■ Days 
15000.00 20000.00 

3:15 PM   Sun, Dec 24, 2000 

VC Behavior - Simulation Set 5, Max/Min Inflow Concentrations for Contaminants 
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fit   1: Mineralization[cDCE] 

1: 2000.00-1  

1: 1000.00- 

0.00' 
0.00 

2: Mineralization[cDCE] 

5000.00 10000.00 

\ I Q [ü^''        *?        Max Min Cont Inflow Cone: p3(c...   Days 

 1 
15000.00       20000.00 

3:15 PM Sun, Dec 24, 2000 

c/s-DCE Behavior - Simulation Set 5, Max/Min Inflow Concentrations for 
Contaminants 

ß*   1: Mineralization[tDCE] 

1: 900.00 -|— -- 

450.00- 

0.00-F1 

0.00 5000.00 

2: Minera1ization[tDCE] 

10000.00 

^\~j Q \^}f'~ *} Max Min Cont Inflow Cone: p4 (t...    Days 

15000.00 20000.00 

3:15 PM   Sun, Dec 24, 2000 

trans-DCE Behavior - Simulation Set 5, Max/Min Inflow Concentrations for 
Contaminants 

Setup #4 Sun, Dec 24, 2DD0 3:14 PM 

Run# 

1 
2 

Input Variables 

Inflow conclVCl Inflow concfcDCEl 

16-006 
0.03 

1e-006 
D.035 

Inflow concftDCEl 

1e-006 
0.025 

Inflow Contaminant Concentration Values for Max/Min Simulations (Runs) 
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ß9   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 5 FeS 

1: 5e+009.-i- 

1: 2.5e+009" 

0.00 
0.00 5000.00 10000.00 

f\~l A fMf^'"        *?        Ace Changing Inflow Conc: p1 (...     Days 

15000.00 

12:35 AM   Thu, Dec 28, 2000 

Hematite Behavior - Simulation Set 6, Acetic Acid Inflow Concentration Changing 

ßf   1: Mineralization[VC]   2: Mineralization[VC]   3: MineralizationfVC]   4: Minera!izaiion(VC] 

1: 400.00 -1   -     

200.00' 

0.00' 
0.00 5000.00 10000.00 

^\1 Q |^J^'"        1        Ace Changing Inflow Cone: p2(V...   Days 

H ^ 

\, , 
20000.00 15000.00 

12:35 AM   Thu, Dec 28, 2000 

VC Behavior - Simulation Set 6, Acetic Acid Inflow Concentration Changing 
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~yß   1: Mineralization[c...    2: Mineralizationfc...    3: Minera!lzation[c...    4; Mlneralizationfc 

1: 500.00- 

iizationfc 

250.00 

0.00 

■ - ■- - -- 

) 

— 

  

.,. r  -4 ,— 

0.00 5000.00 10000.00 

ijV I Q ^EiSj1'' ? Ace Changing Inflow Cone: p3(c...   Days 

15000.00 20000.00 

12:35 AM   Thu, Dec 28, 2000 

c/s-DCE Behavior - Simulation Set 6, Acetic Acid Inflow Concentration Changing 

:ß*   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization;!..     4: Mineraiizationit...     5: Mmersiizauonli 

1: 200.00 T 

100.00- 

0.00' 
0.00 5000.00 10000.00 

|g\ I fl liif,/^"        V        Ace Changing Inflow Cone: p4(t...    Days 

15000.00 

12:35 AM   Thu, Dec 28, 2000 

trans-DCE Behavior - Simulation Set 6, Acetic Acid Inflow Concentration Changing 

Setup #1 Thu, Dec 28, 200012:33 AM 

Input Variables 

Run* Inflow con 5 

1 
2 
3 
4 
5 

0.01 
0.1 
1.00 
50.0 
100 

Inflow Concentration Values for Changing Acetic Acid Simulations (Runs) 
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JB   1: Fe3 Hematite          2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite i>: Fe3 hen 

1: 5e+009.-i   

1: 2.5e+009- 

0.00 
0.00 5000.00 10000.00 

Form Changing Inflow Cone: p1 (...   Days 

15000.00 20000.00 

12:40 AM   Thu, Dec 28, 2000 N8i/    ? 

Hematite Behavior - Simulation Set 6, Formic Acid Inflow Concentration Changing 

pP   1: Mineralization[VC]   2: Mineralization[VC]   3: MineralizationfVC]   4: Mineralization(VC 

1: 400.00- 

■-     -       -— -- --- 

"4 5  

-— 

"2  

I  
i 

i 

1: 200.00- 

-- --     ___   
i 

[ 

     

1: 0.00-I —*-"4 
0.00 

\]8&/::-    ? 
5000.00 10000.00 

Form Changing Inflow Cone: p2 (...   Days 

15000.00 20000.00 

12:40 AM   Thu, Dec 28, 2000 

VC Behavior - Simulation Set 6, Formic Acid Inflow Concentration Changing 
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ß&   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizaiion[c...    4: Mineralizaiicn[c...    5: 

1: 500.001« 

250.00- 

0.00' 
0.00 5000.00 10000.00 

\ I Q ^jf'~        *$        Form Changing Inflow Cone: p3(...   Days 

15000.00 20000.00 

12:40 AM   Thu, Dec 28, 2000 

c/s-DCE Behavior - Simulation Set 6, Formic Acid Inflow Concentration Changing 

ßf   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t...     4: MinerslJzalion[t. 

1: 200.00n -—  

5; Mmersi^ationf 

100.00- 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

STlQ^il^ *f Form Changing Inflow Cone: p4(...   Days 12:40 AM   Thu, Dec 28,2000 

trans-DCE Behavior - Simulation Set 6, Formic Acid Inflow Concentration 
Changing 

Setup #2 Thu, Dec 29, 2000 12:38 AM 

Input Variables 

Run* 

1 
2 
3 
4 
5 

Inflow con 3 

0.01 
0.1 
1.0D 
5D.Q 
1D0 

Inflow Concentration Values for Changing Formic Acid Simulations (Runs) 
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1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite Fe3 henr«a"ce 

5e+009. - 

^2V 
XN3 

      NTS.'"" 

'5\ x- 
x^x 

"X 
  '\„ __ 

x.  x. 
V .„=_ 

.5e+009- 

'V,         -         ,         * 
0.00 5000.00 10000.00 

;\ I Q (Hf^'"        ?        Prop Changing Inflow Cone: p1 (...    Days 

15000.00 20000.00 

12:50 AM   Thu, Dec 28, 2000 

Hematite Behavior - Simulation Set 6, Propionic Acid Inflow Concentration 
Changing 

1: Mineralization[VC)   2: MineralizationfVC]   3: MineralizationfVC]   4: MiiieraüzationfVC] 

1: 400.00- 

200.00- 

0.00- 

-t  , -_ -4—1- "1 2 3l 

• 

1: 

  

1: " 
0.00 5000.00 10000.00 

s\1 Q ^jf':        ?        Prop Changing Inflow Cone: p2(...    Days 

15000.00 20000.00 

12:50 AM   Thu, Dec 28, 2000 

VC Behavior - Simulation Set 6, Propionic Acid Inflow Concentration Changing 
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1:              5UU.UU- 

          

'"T 

1:               250.00" 

1:                   0.00 H 
0.00 5000.00 10000.00 

XI Q [Hf^'''        *}        Prop Changing Inflow Cone: p3(...    Days 

15000.00 20000.00 

12:50 AM   Thu, Dec 28, 2000 

c/s-DCE Behavior - Simulation Set 6, Propionic Acid Inflow Concentration 
Changing 

ySS   1: Minera!ization[t...     2: Mineralization[t...     3: M!nera!izaiion[t...     4: Mineraiization[t.,.     5: Mmershzatmnii... 

1: 200.00n   

100.00- 

0.00' 
0.00 5000.00 10000.00 

\ I A [jUr^'        ?        Prop Changing Inflow Cone: p4(t...   Days 

15000.00 20000.00 

12:50 AM   Thu, Dec 28, 2000 

trans-DCE Behavior - Simulation Set 6, Propionic Acid Inflow Concentration 
Changing 

Setup #4 Thu, Dec 28, 200012:47 AM 

Input Variables 

Run* 

1 
2 
3 
4 
5 

Inflow con 2 

0.01 
0.1 
0.1 
50.0 
100 

Inflow Concentration Values for Changing Propionic Acid Simulations (Runs) 
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5e+009.- 

X> 
f\ 

    2.5e+009" 

x.\ 
   _"x_ 

^ -     

"H*. , „ ,,  
0.00 5000.00 10000.00 15000.00 20000.00 

^\1 Q |!J^';' *? But Changing Inflow Cone: p1 (H...   Days 12:54 AM   Thu, Dec 28,2000 

Hematite Behavior - Simulation Set 6, Butyric Acid Inflow Concentration Changing 

J&   1: Mineralization[VC]   2: Mineralization[VC]   3: Minera!ization{VC]   4: M!nerallzation(VC] 

1: 400.UU- 

- s , ,^4__s„ 
"■"! 2        ■> 4 °  itl 

200.00- 

  --   

0.00 5000.00 10000.00 

But Changing Inflow Cone: p2 (V...   Days 

15000.00 20000.00 

12:54 AM   Thu, Dec 28, 2000 

VC Behavior - Simulation Set 6, Butyric Acid Inflow Concentration Changing 
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iJ»   1: Mineralization[c...    2: Mineralization[c...    3: Mineralizatiori[c...    4: Mlneralizationfc..     5: Minera!!2:aHo[i[< 

1: 500.00-|=i="~=«=v=»=d= 

250.00- 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

^\]ö&^''" ? But Changing Inflow Cone: p3(c...    Days 12:54 AM   Thu, Dec 28,2000 

cis-DCE Behavior - Simulation Set 6, Butyric Acid Inflow Concentration Changing 

ßr   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t...     4: Mineralizalion[t...     5: iVhnsrshzaüonli . 

1: 200.00- 

100.00- 

0.00' 

\j8^/:c-    ? 
i 

0.00 5000.00 10000.00 

But Changing Inflow Cone: p4 (t...     Days 

i-:- 
20000.00 15000.00 

12:54 AM   Thu, Dec 28, 2000 

trans-DCE Behavior - Simulation Set 6, Butyric Acid Inflow Concentration 
Changing 

Setup #5 Thu, De: 28,2000 12:52 AM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Inflow con 4 

0.01 
0.1 
0.1 
50.0 
100 

Inflow Concentration Values for Changing Butyric Acid Simulations (Runs) 
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!/•   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite A: Fe3 Hematite 

1: 5e+009. ■ 

"V —  - "-^v— 
»1, 

.  ...>» *';s,  _... 
2.5e+009- xV. 

""^ 

'"'% :^s„    

x^ v. ; y. „ A ,-  

0.00 5000.00 10000.00 

DS. I Q j^f'        *%        Lact Changing Inflow Cone: p1 (...    Days 

15000.00 20000.00 

12:45 AM   Thu, Dec 28, 2000 

Hematite Behavior - Simulation Set 6, Lactic Acid Inflow Concentration Changing 

:^»   1: MineralizationrVC]   2: MineralizationFVC]   3: Mineralization(VC]   4: MineratizationfVC] 

1: 400.00- 

1: 200.00 

0.00 
0.00 

^8&/J    ? 

----- - —- - 

— — - -  
t 

5000.00 10000.00 

Lact Changing Inflow Cone: p2 (...    Days 

15000.00 20000.00 

12:45 AM   Thu, Dec 28, 2000 

VC Behavior - Simulation Set 6, Lactic Acid Inflow Concentration Changing 
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pF  1: Mineralization[c...    2: Mineralization[c...    3: Minera!izaticn[c...    A: M!neraiization[c...    5: 

1: 50O.00-r
:i==rs«'aS5=4== 

250.00- 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

12:45 AM   Thu, Dec 28, 2000 ^\ I fl ffi,/^        V        Lact Changing Inflow Cone: p3(...    Days 

cis-DCE Behavior - Simulation Set 6, Lactic Acid Inflow Concentration Changing 

■!ßß   1: Mineralization[t...     2: Mineralization[t...     3: Minera!!zation[t...     4: Minera!izaticn[t. 

1: 200.00- 

100.00- 

0.00 I I I 
0.00 5000.00 10000.00 

Lact Changing Inflow Cone: p4 (t...   Days 

.—        -2—M,<M—.4^—;,— 

15000.00       20000.00 

12:45 AM Thu, Dec 28, 2000 

trans-DCE Behavior - Simulation Set 6, Lactic Acid Inflow Concentration Changing 

Setup #3 Thu, Dec 28, 200012:42 AM 

Input Variables 

Run* Inflow con 1 

1 
2 
3 
4 
5 

0.01 
0.1 
1.00 
50.0 
100 

Inflow Concentration Values for Changing Lactic Acid Simulations (Runs) 
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$r   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 5: Fe3 Hematite 

1: 5e+009.' 

2.5e+009 

0.00 
0.00 

^8i/    ? 
5000.00 10000.00 

Eth Changing Inflow Cone: p1 (H...   Days 

15000.00 20000.00 

12:58 AM   Thu, Dec 28, 2000 

Hematite Behavior - Simulation Set 6, Ethanol Inflow Concentration Changing 

$*   1: Mineralization[VC]   2: Mineralization[VC)   3: MineraiizaiionJVC]   4: Mineralization[VC]   5: ! 

1: 400.00-1 ■ 

1: 200.00- - 

0.00' 
0.00 5000.00 10000.00 

Eth Changing Inflow Cone: p2 (V...   Days 

-r 
20000.00 15000.00 

12:58 AM   Thu, Dec 28, 2000 

VC Behavior - Simulation Set 6, Ethanol Inflow Concentration Changing 
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yS   1: Mineralization[c...    2: Mineralizationfc...    3: Mineralization[c...    4: Mineralizationtc...    5: Mina-aiizstioifc 

1: 0.00- 

1 
0.00-     - ----- -- 

-- - — 

0.00 5000.00 10000.00 15000.00 20000.00 

12:58 AM   Thu, Dec 28, 2000 l\J Q Hf^''" *? Eth Changing Inflow Cone: p3(c...    Days 

c/s-DCE Behavior - Simulation Set 6, Ethanol Inflow Concentration Changing 

JB   1:Mineralization[t...     2: Mineralization[t...     3: Mineralizationft..     4: Mineralization^...     5: Minsraiiz3i:iori|t... 

1: 200.00- 

100.00- 

0.00- 
0.00 5000.00 10000.00 20000.00 15000.00 

12:58 AM   Thu, Dec 28, 2000 ^SH Q E=T^''"        *?        Eth Changing Inflow Cone: p4(t...     Days 

trans-DCE Behavior - Simulation Set 6, Ethanol Inflow Concentration Changing 

Setup #6 Thu, Dec 28, 200012:57 AM 

Input Variables 

Run# Inflow cone 6 

1 
2 
3 
4 
5 

0.01 
0.1 
1.00 
50.0 
100 

Inflow Concentration Values for Changing Ethanol Simulations (Runs) 
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■g&   1: Fe3 Hematite 2: Fe3 Hematite 3: Fe3 Hematite 4: Fe3 Hematite 

1: 5e+009.-r 

5: Fe3 Hemaiita 

1: 2.5e+009 

0.00 
0.00 5000.00 10000.00 

Meth Changing Inflow Cone: p1 (...   Days 

15000.00 20000.00 

1:02 AM   Thu, Dec 28, 2000 

Hematite Behavior - Simulation Set 6, Methanol Inflow Concentration Changing 

ßf   1: Mineralization[VC]   2: Mineralization[VC]   3: Minera!ization[VC]   4: MineralizationJVC]   S: Mineralization 

1: 400.00- 

1: 200.00- 

0.00' 
0.00 5000.00 10000.00 

^\]Q|^f^'''        *?        Meth Changing Inflow Cone: p2(...   Days 

15000.00 20000.00 

1:02 AM   Thu, Dec 28, 2000 

VC Behavior - Simulation Set 6, Methanol Inflow Concentration Changing 
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jr   1: Mineralization[c...    2: Mineralization[c...    3: Mineralization[c...    4: Mlnera!!zaticn[< 

1: 500.00- 

1: 250.00- 

0.00 
0.00 5000.00 10000.00 

!"\1 Q ^}f~        *}        Meth Changing Inflow Cone: p3 (...   Days 

15000.00 20000.00 

1:02 AM   Thu, Dec 28, 2000 

c/s-DCE Behavior - Simulation Set 6, Methanol Inflow Concentration Changing 

J8F   1: Mineralization[t...     2: Mineralization[t...     3: Mineralization[t...     4: Mlneralization[t. 

1: 200.00- 

1: 100.00 

0.00' 
0.00 5000.00 10000.00 

\ I Q \^Sf'~        *%        Meth Changing Inflow Cone: p4(...   Days 

20000.00 15000.00 

1:02 AM   Thu, Dec 28, 2000 

trans-DCE Behavior - Simulation Set 6, Methanol Inflow Concentration Changing 

Setup #7 Thu, Dec 28, 2000 1:00 AM 

Input Variables 

Run# 

1 
2 
3 
4 
5 

Inflow cone 7 

0.01 
0.1 
1.00 
50.0 
100 

Inflow Concentration Values for Changing Methanol Simulations (Runs) 
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J*   1-10: Fe3 Hematite 

1: 5e+009.T 

1: 2.5e+009- 

0.00 
0.00 5000.00 10000.00 15000.00 20000.00 

3:45 PM   Tue, Jan 02, 2001 \ I Q ^%J?': * Organic Combinations: p1 (Hema... Days 

Hematite Behavior - Simulation Set 6, Organic Inflow Concentration Combinations 

ß*   1-10: Mineralization[VC] 

1: 400.00- 

     

  

—   
 \ 

    

200.00- 

     :  - 

1 
0.00 5000.00 10000.00 

T\] Q fUj^""        *$        Organic Combinations: p2(VCd...    Days 

15000.00 20000.00 

3:45 PM   Tue, Jan 02, 2001 

VC Behavior - Simulation Set 6, Organic Inflow Concentration Combinations 
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JB   1-10: Mineralization[cDCE] 

1: 500.00- 

1: 250.00 

0.00' 
0.00 5000.00 10000.00 15000.00 20000.00 

3:45 PM   Tue, Jan 02, 2001 ^\|Ql^J^'''        f        Organic Combinations: p3(cDCE...  Days 

c/s-DCE Behavior - Simulation Set 6, Organic Inflow Concentration Combinations 

1-10: Mineralization[tDCE] 

1:                200.00- 

' 
~"""V 

-- 

1:                100.00- 

) 

1:                    0.00- 1 
0.00 5000.00 10000.00 

i\ I fi ^jJ'1"        *}        Organic Combinations: p4(tDCE...   Days 

15000.00 20000.00 

3:45 PM   Tue, Jan 02, 2001 

trans-DCE Behavior - Simulation Set 6, Organic Inflow Concentration 
Combinations 
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Setup #2 TUB, Jan 02, 2001 3:23 PM 

Input Variables 

Run* Inflow con 1 Inflow con 2 Inflow con 3 

1 5.00 5.00 40.0 

2 0.1 0.5 15.0 

3 0.05 0.05 0.1 
4 40.0 BO.O 80.0 

5 20.0 5.00 20.0 

6 15.0 20.0 1.00 

7 5.00 5.00 50.0 

e 0.5 0.5 1.00 

g 50.0 25.0 50.0 

1D 0.01 0.5 25.0 

Run# Inflow con 4 Inflow con 5 Inflow cone 6 

1 5.00 50.0 2.00 

2 1.00 20.0 D.5 
3 0.05 0.5 0.01 

4 70.0 75.0 50.0 

5 1.00 25.0 5.00 

6 20.0 1.00 10.0 

7 10.0 50.0 10.0 

B 0.5 5.00 0.1 
9 20.0 10.0 50.0 

10 1.0D 30.0 0.1 

Run* Inflow cone 7 

1 2.00 
2 0.5 
3 0.01 
4 10.0 
5 5.00 
6 10.0 
7 10.0 
B 0.1 
9 10.0 
10 0.25 

Inflow Concentration Values for Organic Combination Simulations (Runs) 
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ß*   1: Fe3 Hematite 

1: 5e+009.«|- 

2: Fe3 Hematite 

1: 2.5e+009- 

0.00 
0.00 5000.00 10000.00 

\ I Q ÜJ.^*        ?        Max Min values: p1 (Hematite de...   Days 

15000.00 20000.00 

3:09 PM   Tue, Jan 02, 2001 

Hematite Behavior - Simulation Set 6, Max/Min Inflow Concentrations for 
Organics 

$*   1: Mineralization[VC] 

1: 400.00- 

2: Mineralization[VC] 

1: 200.00- 

0.00' 

•1 2" ■1—12' 

0.00 

^8e>*   ? 
5000.00 10000.00 

Max Min values: p2 (VC degradat... Days 

15000.00 20000.00 

3:09 PM   Tue, Jan 02, 2001 

VC Behavior - Simulation Set 6, Max/Min Inflow Concentrations for Organics 
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DIP  1: Mineralization[cDCE] 

1: 500.00-|-i^=2^ 

250.00- 

0.00' i1« 

0.00 5000.00 10000.00 

P\]Q[^J^''" *? Max Min values: p3 (cDCEdegra...   Days 

15000.00 20000.00 

3:09 PM   Tue, Jan 02, 2001 

c/s-DCE Behavior - Simulation Set 6, Max/Min Inflow Concentrations for Organics 

ß*   1: Mineralization[tDCE] 

1: 200.00n  

2: Mineralization[tDCE] 

-1—2- 

100.00- 

0.00' i1= T 

S38e/> 
0.00 5000.00 10000.00 

V        Max Min values: p4(tDCE degra...   Days 

15000.00 20000.00 

3:09 PM   Tue, Jan 02, 2001 

trans-DCE Behavior - Simulation Set 6, Max/Min Inflow Concentrations for 
Organics 

Setup #1 Tue, Jan 02, 2001 3:08 PM 

Input Variables 

Run* Inflow con 1 Inflow con 2 Inflow con 3 

1 100 100 100 
2 0.01 0.01 0.01 

Run* Inflow con 4 Inflow con 5 Inflow cone 6 

1 100 100 100 
2 0.01 0.01 0.01 

Run* 

1 

Inflow cone 7 

100 
2 0.01 

Inflow Contaminant Concentration Values for Max/Min Simulations (Runs) 
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